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Abstract 
Actuation and Control of Microfabricated Structures Using Flagellated Bacteria 
Edward Brian Steager 
Min Jun Kim, Ph.D. 
 
 
In this work methods of actuation and control of microfabricated structures are investigated 
using bacteria as configurable, scalable actuators.  Bacteria offer many benefits as microfluidic 
actuators.  They draw chemical energy directly from their environment, they can be operated in a 
wide range of temperature and pH, and literally billions of bacteria may be cultured within hours.  
Additionally, the well-documented responses of individual motile bacterial cells may be expected 
to scale up to arrays of cells.  On this population scale, the cellular responses can be employed en 
masse creating controlled forces that actuate inorganic microfabricated elements.  For these 
investigations the bacterium Serratia marcescens has been chosen. S. marcescens has properties 
that are particularly appropriate for engineering applications.  When cultured on soft agar, the 
bacteria demonstrate a form of surface motility known as swarming.  These investigations start 
with an experimental analysis of the swarming cell motility using a non-labeled cell tracking 
technique.  The results of these studies reveal that the most energetic bacteria populate the 
progressing edge of the swarm.  A technique of biocompatible microfabrication and chemical 
release of bacteria-driven microstructures is also presented.  This method is used to pattern 
structure surfaces with the rigorous swarming cells by direct blotting.  The self-coordinated 
motion of the cells is investigated for use as arrays of actuators.  Control mechanisms are 
investigated to adjust rotational and translational motion using optical and electrical stimuli, 
respectively.  The fundamentals of the electrokinetics are also investigated and integrated into a 
system demonstrating controlled manipulation of target objects and phenotypic chemical sensing. 
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Chapter 1: Introduction 
 
1.1 Micromanipulation and Microrobotics 
 One of the great challenges in microscale science and engineering is the controlled 
manipulation of individual biological cells and microfabricated parts.  At these small scales, 
typical macroscale engineering intuition for the relative importance of forces breaks down.  The 
dominant forces at these length scales are considerably different than those in typical macroscale 
systems.  As length scale (L) decreases, surface forces (L2) begin to dominate body forces (L3). 
Gravitational and inertial forces become less influential, and adhesive interactions as well as 
viscous fluid forces become more significant [1, 2].  This effect is captured in fluids dynamics by 
the Reynolds number, which is a non-dimensional characteristic quantity defined by the ratio of 
inertial forces to viscous forces. 
 A review of the current state of micromanipulation technologies reveals that the major 
application has been in the field of biology, and in particular, individual cell manipulation [3].  
This motivated many of the developments of the earliest tools in the field of micromanipulation. 
Although the objectives of organic and inorganic manipulation techniques may be similar 
(transporting objects), the nomenclature is not generally standardized, and terms including 
biomanipulation, microactuation and microrobotics are often used interchangeably. Based on 
rapid advancement and widespread use of techniques for microfabrication, the use of term 
microrobotics is being slowly adopted.  Perhaps this should not be surprising since the microscale 
systems do not directly resemble macroscale counterparts.  However, based on the significant 
shift in the relative importance of the fundamental forces, it should be expected that microscale 
systems require a reinterpretation and broadening of our definition of robotics. 
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1.2 Review 
 Due to the multidisciplinary nature of this work, it must be placed in the context of 
current technologies from various fields including: microrobotics, biomanipulation, and 
microactuation, both inorganic (man-made) and biological.  The subfields may be classified along 
several lines: inorganic/organic, field-based/contact-based, by characteristic length scale, etc.  
However, there is a great degree of overlap based on these types of classifications.  Some systems 
are actuated by fields, which in turn cause mechanical contact.  Other systems work at a great 
variety of length scales.  Yet others integrate organic components with inorganic components.  
This review section will generally discuss field-based manipulation systems and then contact 
based systems, and is meant to lead into a more specific discussion on biological actuation.  This 
brief review includes the most widely used or most recent technologies. 
 
1.2.1 Field-Based Manipulation 
 Many microrobotic systems use magnetic actuation techniques. The clear advantage of 
this approach is selectivity, but the individual control of the robots is limited by the divergence of 
the magnetic field.  In one scheme to overcome this limitation electrostatic anchoring pads are 
used to hold some robots in place while others are allowed to move [4].  In another scheme, 
multiple robots are steered by exploiting differences in the designs and the resulting 
electromechanical interactions with a control signal.  Some devices were driven in circular orbits, 
while others were directed in a more linear fashion [5]. 
 There is a quickly growing body of work on swimming microrobots driven by magnetic 
fields, which are specifically inspired by helical flagella such as those use by bacteria.  In one line 
of work, artificial bacteria with a helical semiconductor tail and soft magnetic head are controlled 
using tri-axial magnetic fields [6].  In a related work, artificial bacteria are fabricated from silicon 
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dioxide using a glancing angle deposition technique [7].  In this technique, silicon dioxide is 
vapor deposited on an array of beads using a shadow growth method.  In yet another work, 
magnetic particles linked by DNA were attached to a red blood cell, and created a propulsive, 
beating motion [8].  In another hybrid organic/inorganic scheme, bacterial flagella were removed 
from Salmonella Typhimurium cells and reattached to ferromagnetic microbeads, creating an 
artifical swimmer with the potential to demonstrate peritrichous bundling [9]. 
 Electric manipulation of biological samples is commonly performed using 
dielectrophoresis, a technique in which dielectric particles are be manipulated in non-uniform 
electric fields [10].  This technique is typically focused on a fluidic region rather than an 
individual particle.  In a recent work based on the dielectrophoretic effect, light patterned 
electrodes were created on a photoconductive surface using digital micromirror displays [11].  
This technique offers concomitant high resolution as well as high throughput manipulation 
capabilities.  Electrorotation is another phenomena used for orienting polarized particles in 
aqueous media, and has been used to measure dielectric parameters of cells [12]. 
 Another commonly used technique is optical trapping, in which microscale particles are 
moved or trapped in fluids using radiation pressure from visible light [13].  The manipulation of 
viruses and bacteria has been demonstrated using this technique [14]. 
 
1.2.2 Mechanical Manipulation 
 One of the longest standing methods for contact-based manipulation of individual cells is 
the pipette method.  In this method, a vacuum is applied to a micropipette to hold cells for 
manipulation, often for injection with another much smaller pipette [15].  These injection 
methods have been augmented with force feedback by integrating capacitive and piezoelectric 
sensors [16, 17]. 
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 Microfabrication process techniques are largely restricted to planar geometries due to the 
nature of deposition and etching.  One method to overcome this restriction is to fabricate bilayer 
cantilevers that are actuated by a volume change in an electroactive polymer layer [18].  This 
technique has been employed to grip individual zebrafish egg cells in fluids (Figure 1.1) [19].  A 
tetherless, thermobiochemically actuated microgripper has also been demonstrated, which is 
positioned by using magnetic fields [20].  Another method of overcoming the restrictions of 
planar microfabrication is to produce grippers, which actuate within the plane.  In an 
advancement of this type of technology, force-feedback has been integrated with the gripping 
motion [21]. 
 
Figure 1.1.  Gold/polypyrrole microgripper grasping a zebrafish egg cell. Scale bar is 500 µm. 
Reprint from [19]. 
 
 Mechanical based methods for manipulation of particles and cells are not limited to 
interfaces between two solids.  Investigation into fluidic manipulation using pressure-driven flow 
has been growing with the advent of soft lithography and rapid prototyping [22, 23].  The 
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addition of pneumatic valves to these systems enables multiplexed control of fluid elements, and 
in turn, particles in the fluid [24, 25].  Microfluidic pressure-driven systems have also been 
integrated with other solid contact and field based mechanisms [26]. 
 
1.2.3 Microbiological Inspiration 
 Although there has been significant progress in the fields of micro- and nanofabrication, 
organisms found in nature greatly outperform engineered microsystems in many ways with 
respect to actuation, sensing and control.  Therefore, it is logical to look to nature for inspiration 
for engineered systems.  This approach may lead down two distinct paths: hybrid 
organic/inorganic (biotic/abiotic) systems and purely inorganic biomimicry.  The first path holds 
great engineering interest because the strengths of modern microengineering techniques may be 
combined with the strengths of the microbes.  During the investigations of these integrated 
organic/inorganic systems, many additional research challenges naturally arise concerning the 
fundamental hydrodynamics, kinematics, control and chemistry of the system.  Indeed, the built-
in signaling networks of microorganisms may even be exploited for use as biosensing elements, 
particularly when coupled with the growing body of work pertaining to customized genetic 
modification of microorganisms. 
 
1.2.4 Actuation with Motor Proteins 
 At first glance the topic of microbiological actuation systems in fluidic environments 
might seem sharply focused; however, a quick literature survey proves that this is far from the 
truth.  Beginning a survey of actuation techniques must begin at the sub-cellular level. There are 
several nanoscale biomolecular motors within organisms, even at the level of the single cell. Two 
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linear stepping motor proteins have been shown to work within the cell as functional machines 
for molecular transport, and initial attempts have been made to integrate these proteins into basic 
engineered transport systems [27].  One family of linear transport proteins is myosin, which steps 
along actin filaments and is the functional protein in muscle.  In one example of an actin/myosin 
driven abiotic/biotic microdevice, a self-assembled silicon microwalker was driven by 
cardiomyocyte cells [28].  Another family of intracellular linear motor proteins is kinesin/dynein, 
which steps along the cellular scaffold of microtubules.  Preliminary work has also demonstrated 
the possibility of control of these molecular motors by steering microtubules using electric fields 
[29].   
 Yet another class of molecular motors falls under the category of rotational motors.  The 
biomolecular motor that drives the bacterial flagellum is one such example.  To date, these 
motors have not been operated in an engineered system independent of the cell.  Another example 
is the F1-ATPase motor.  A nanostructured device has been fabricated whereby the F1-ATPase 
motor rotated a nickel propeller through addition of ATP [30].  The glaring difficulty with 
integrating molecular motor proteins directly into robust engineered systems is that they depend 
on the controlled physiological conditions provided by the larger organism.  For this reason above 
all others, particularly with regard to flagellar motors, wholly intact organisms are the obvious 
choice for integration with microscale, engineered systems. 
 
1.2.5 Actuation and Control Using Microorganisms 
 Several lines of research have previously demonstrated the use of microorganisms to 
produce useful work.  These studies have demonstrated three distinct forms of actuation and/or 
control with intact microorganisms: (1) control of microorganisms (2) actuation of fluids or 
inorganic microparticles using microorganisms, and (3) the combination of single-input control 
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with microparticle actuation. The earliest demonstration of control of microorganisms in an 
engineering context involved the galvanotactic (electrode-seeking) control of the protozoan 
Paramecium.  Employing a four-electrode fluidic chamber enabled two-dimensional steering 
[31].  Similar work recently demonstrated steering Tetrahymena cells using galvanotaxis while 
using phototaxis for temporary cell trapping [32]. A 20 µm diameter rotor was actuated by using 
a gliding bacterium, Mycoplasma mobile.  The bacteria were confined to narrow grooves and 
attached to the rotor teeth by functionalization with antibodies [33]. In a groundbreaking 
preliminary study on actuation of inorganic particles, beads and polydimethylsiloxane chips were 
demonstrated to move autonomously via blotting on swarms of the bacterium Serratia 
marcescens [34].  On/off control of S. marcescens attached to microbeads was demonstrated by 
using copper ions as a motion inhibitor and ethylenediaminetetraacetic acid (EDTA) as a 
chelation agent to cause resumption of motion [35].  Bacterial actuation and controlled directional 
manipulation were also demonstrated using Magnetospirillum gryphiswaldense magnetotactic 
bacteria [36].  Additionally, bacteria have been demonstrated to self-coordinate when patterned in 
monolayer carpets, creating effective microfluidic pumps and mixers [37, 38].  Larger, single-
cell, eukaryotic organisms have also been used for control and actuation.  Microbeads have been 
transported using the phototactic movement of the algae Chlamydomonas reinhardtii [39].  
Recent reviews of research in the field of microbioactuation have been recently published 
covering many additional examples [40-42]. 
 
1.3 Bacterial Motility 
 For this study the bacterium S. marcescens has been chosen due to the ability to exploit 
the swarming behavior that is apparent on soft agar surfaces. S. marcescens are peritrichously 
flagellated, gram negative bacteria which are roughly 2 µm long by 1 µm in diameter in their 
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swimming form. S. marcescens swim at speeds of about 50 µm/s, propelled by the rotation of 
about five long (10 µm), thin (20 nm), helical filaments, each driven at its base by a flagellar 
motor [43]. The individual flagella are driven by reversible bimolecular motors which are able to 
rotate the flagella in clockwise (CW) or counterclockwise (CCW) directions [44]. When the 
flagella all rotate in the CCW direction, the flagella form a bundle, which propels the bacterium 
in one direction, which is generally referred to as a ‘run’. When one of the biomotors reverses and 
rotates CW, the associated flagellum separates from the bundle, and the bacterium moves 
erratically and reorients itself or ‘tumbles’ [45].  When cultured on a soft agar semi-solid surface, 
S. marcescens exhibit a different form of locomotion known as swarming.  This type of 
locomotion is still based on propulsion by flagella, but the individual cells undergo a change in 
phenotype, elongating up to 10 µm and becoming hyperflagellated [46].  Several strains of 
bacteria are known to exhibit this collective swarming behavior, and the nature of the onset of 
swarming as well as the fundamental dynamics are a subject of active, ongoing investigation [47].   
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1.4 Organization and Objectives 
This thesis is based on the following papers: 
E.B. Steager, C.-B. Kim, M.J. Kim, "Dynamics of pattern formation by bacterial swarming," 
Physics of Fluids, Vol. 20, Issue 7, p073601-1-5, July, 2008 - also in Virtual Journal of 
Biological Physics Research 
E. Steager, C.-B. Kim, C. Naik, J. Patel, S. Bith, L. Reber, M.J. Kim, "Control of 
microfabricated structures powered by flagellated bacteria using phototaxis," Applied Physics 
Letters, Vol. 90, p263901-3, 2007. - also in Virtual Journal of Nanoscale Science & Technology 
16(2) and Virtual Journal of Biological Physics Research 14(1). 
E.B. Steager, J.A. Patel, C.-B Kim, D.K Yi, W. Lee, M.J. Kim, "A novel method of 
microfabrication and manipulation of bacterial teamsters in low Reynolds number fluidic 
environments," Microfluidics and Nanofluidics, Vol. 5, p337-346, 2008 
E. B. Steager, M. S. Sakar, U. K. Cheang, D. Casale, V. Kumar, G. J. Pappas, Min Jun Kim, 
“Galvanotactic Control of Self-Powered Microstructures,” 2008 ASME IMECE, Boston, 
IMECE2008-66647, 2008 
E. B. Steager*, M. S. Sakar*, D. H. Kim, V. Kumar, G. J. Pappas, Min Jun Kim, “Microbiorobots 
for Manipulation and Sensing,” submitted,  *Equal contribution 
 
 By design, Chapters 2-5 have been written to stand alone and include brief introductions.  
The objective of Chapter 2 is to reveal the dynamics of swarming Serratia marcescens bacteria 
on the population scale using particle image velocimetry and the spatial correlation function.  A 
non-labeled particle image velocimetry algorithm is developed that enables the quantification of 
biological flow fields without the need for fluorescent tagging.  Characteristics of the evolution of 
the flow field were described as a function of distance from the progressing swarm edge.  This 
work was vital to gain an understanding of which locations in the swarm would be most 
appropriate for the blotting technique employed in Chapters 3-6.  Chapter 3 addresses the subject 
of interfacing flagellated bacteria with motile, microfabricated structure (Figures 1.2, 1.3).  It 
covers methods for tracking and studying the motion of these microstructures, and reveals some 
basic trends concerning particle size and density with respect to speed of movement as well as 
mode of movement (rotation vs. translation).  Chapter 4 introduces the concept of phototactic 
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control of bacteria-driven microstructures.  The objective of this section is to demonstrate and 
characterize control of these systems using optical stimulus.  In Chapter 5, the concept of 
electrokinetic control of translational motion of bacteria-driven microstructures is introduced, and 
from this point the systems are referred to as microbiorobots (MBRs) due to the enhanced 
controllability.  It is revealed that MBRs are electrophoretically driven by applied direct current 
fields rather than galvanotactically oriented, and that the self actuating nature of the bacterial 
carpet changes minimally when low voltage fields are applied.  Two-dimensional control using 
computer vision feedback is also introduced.  In Chapter 6, the functionalities investigated in 
Chapters 2-5 are combined to perform two tasks, including the manipulation of a cell-sized target 
load as well as the sensing of an analyte. 
 
 
Figure 1.2. Representation of a typical configuration of bacterial cells on the surface of a 
transparent rectangular microstructure. 
 
 11 
 
Figure 1.3. (a) Bacterial cells on the surface of a microstructure spaced for viewing of flagella. 
(b) Though damaged in the preparation process for scanning electron microscopy, flagella may 
be seen between cells. Scale bars represent 10 µm and 2 µm, respectively. Reprint from [48]. 
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Chapter 2: Dynamics of Pattern Formation in Bacterial Swarms 
 
 To gain a more thorough understanding of the dynamics of swarming bacteria, a non-
labeled cell-tracking algorithm was used to study the velocity field of flagellated bacteria, 
Serratia marcescens, swarming on a soft agar plate. Average velocities for local regions regularly 
arranged over the entire flow field were investigated. The velocity field of the bacteria typically 
featured the combination of curvilinear translation and vortex modes. They repeated these 
patterns for short periods of time, forming several groups and dissipating. To further investigate 
the flow patterns generated by the collective motion of the swarming bacteria, the velocity field 
on the swarm was spatially correlated.  The highest velocities and correlation lengths have been 
found to occur in the region from 0.5-1 mm from the swarm edge, followed by a steady decline as 
distance from the edge increases, and a sudden decrease in motion typically occurs between 2-4 
mm from the swarm edge. 
 
2.1 Introduction 
 Bacteria such as Serratia marcescens or Escherichia coli swim in liquid environments by 
rotating thin helical flagellar filaments [49]. Other types of locomotion in the form of surface 
translocation can be found on semi-solid surfaces and are referred to as swarming or gliding [50]. 
It has been commonly believed that all their motions are powered by the reversible rotary motor 
embedded in the cell membrane [51].  On soft agar surfaces, bacterial colonies have been 
observed to grow rapidly through a collective mechanism [52]. 
 Swarming is a crucial behavior of organisms that span their territories or population in an 
environment. Among them, bacterial swarming is a form of flagella-dependent surface motility. 
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The flagellar motion driven by the bacterial rotary motor eventually results in the collective 
motion of the swarming bacteria. Swarming bacteria are hyperflagellated, elongated and migrate 
cooperatively [50].  Characteristic dynamic patterns of whirls and jets have been observed both in 
swarming bacteria as well as in high-cell density swimming populations [53], and the interplay of 
the roles of sensory mechanisms and hydrodynamic interactions is widely researched [54]. 
Although communication mechanisms between swarming S. marcescens are not fully understood, 
research suggests that pattern formation in the active swarm may be influenced largely by 
hydrodynamic interactions between densely packed cells. Large-scale dynamic coherence has 
been observed in swimming populations of Bacillus subtilis [55].  This phenomenon of dynamic 
coherence has been confirmed through simulations by accounting for hydrodynamic interactions 
of suspensions of self-propelled particles at low Reynolds number [56]. Results of bacteria 
swimming in thin fluid films also provide evidence for the pure hydrodynamic origin of collective 
swimming [57].  Further experimental work with small copper rods reveals that inanimate objects 
exhibit swarm-like formations due to non-specific interactions [58]. In fact, these rods do not 
demonstrate swarming behavior unless the ends are rounded, resembling the elongated bacillus 
shape of swarming bacteria. Analytical models of bacterial swarming also reveal that swimming 
and swarming formations may be a result of physical interactions between individual bacteria [59, 
60].  This research lends credence to an effort to understand the larger scale dynamics of the 
swarm. That is, the study of swarming formations may reveal dynamics consistent with a 
collective effort to rapidly populate environments that may otherwise remain unpopulated. 
 Recently, associated with the function of the flagella, bacteria have been used as 
actuators in microscale engineered devices [35-37, 61].  Bacterial monolayers, referred to as 
bacterial carpets, were created on microstructures by using a blotting method [34], and the 
swarming pattern is directly reproduced on the bacterial carpet.  Controlled manipulation may be 
exerted by exploiting the existing bacterial chemical sensory mechanisms [62, 63].  However, the 
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swarm plate dynamics have not been well understood.  In this study, we employ a non-labelled 
cell tracking method to trace the bacterial swarming flow field without fluorescence labeling or 
microspheres as tracers. This research is intended to lend fundamental insight to ongoing bacterial 
actuation studies with the specific goal of understanding the large-scale collective dynamics of 
the swarm through a study of pattern formation. 
 
2.1 Methods 
2.2.1 Cell Culturing 
 The bacteria S. marcescens (ATCC 274, American Type Culture Collection, Manassas, 
VA) were cultured and grown on a swarm plate. 10 g of Difco Bacto tryptone, 5 g of yeast 
extract, 5 g of NaCl and 6 g of Difco Bacto agar were dissolved into 1000 ml of deionized water 
to prepare 0.6 % agar plates for swarming bacteria [46], followed by autoclaving the solution and 
dividing into 100 ml sterile bottles. This solution was stored at room temperature and solidified, 
and was re-liquefied using a microwave on the lowest power setting. Before pouring individual 
agar plates, the 100 ml of prepared agar solution was mixed with 2 ml of 25 % glucose solution. 
1.5 ml of this new agar solution was pipetted into 35 mm Petri dishes. The dish was cooled to 
room temperature and allowed to re-solidify. The swarm plate was inoculated on one edge with 2 
µl of S. marcescens saturated culture. Agar plates were incubated at 30 - 34 degrees Celsius, and 
swarming began within 8 - 16 hours. The inoculation site generally turned pink shortly after the 
swarming motion developed. The swarm progressed across the plate in waves that appeared as 
irregular concentric rings with the most active bacteria along the outermost edge of the swarm.  
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Figure 2.1.  (a) Agar swarm plate of S. marcescens inoculated at upper right. (b) The swarm edge 
is marked by the asterisk 1, and progressive videos of swarming were taken at 0.5 mm increments 
toward the inoculation site, as indicated by asterisks 2 and 3. (c) Individual swarmer cells can be 
identified along the swarm at 63× magnification. 
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Figure 2.2.  (a) Swarming S. marcescens on an agar plate. Instead of tracking each individual 
cell, local interrogation windows were defined to analyze averaged velocities. Neighboring 
windows were overlapped by 50% and are described by the dashed squares. (b) Cell bodies were 
unable to be individually isolated and tracked due to close proximity. 
 
2.2.2 Image Capture and Processing 
 Consecutive images (15 frame/sec) describing the minute motions of the bacteria 
swarming at 0.5 mm increments starting from the edge of the swarm, shown in Figure 2.1, were 
captured and digitized using a phase-contrast microscope (AmScope) equipped with a 40× 
objective and a CCD camera (Sony, model XC-75), and imported into Matlab for analysis of the 
flow field.  Changes in velocity of the bacteria were found due to frame-to-frame velocity 
variations when all images were used. The 400 × 400 pixel (86 × 86 µm, actual dimensions, 
Figure 2.2(a)) investigation region was swarmed with thousands of bacteria. These cells varied in 
length from 5-10 µm and are covered with numerous (10-100) petrichously or laterally situated 
flagella[46]. 
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 Ideally, every individual bacterium would be traced and analyzed for velocity field 
analysis. If this were possible, a typical particle tracking velocimetry (PTV) scheme could be 
used for velocity calculations. However, as shown in Figure 2.2(b), individual bacteria swarming 
in close proximity have overlapping or otherwise unclear boundaries due to close contact and 
inherent resolution limits of light microscopy. Also, the distance of the bacterial monolayer 
measured from the leading edge of the swarm to the development of a multilayer varied from 15-
100 µm along the swarm edge. To create a solution to these difficulties, small interrogation 
windows (20 × 20 pixels, 4.3 × 4.3 µm2) for locally averaged velocity analysis were defined. It 
should be noted that this window only contains a total of 5 - 10 swarming bacteria on average. As 
shown in Figure 2(a), the interrogation windows were repeated with 10-pixel shifts (50% overlap) 
both in horizontal (x) and vertical (y) directions over the entire investigation region. For the 
current study, the total number of interrogation windows is 1296 (36 × 36 windows). Each 
interrogation window included several bacteria, which were generally heading toward similar 
directions. Along the edges of these windows only the fraction of the individual cell bodies 
present in the window was included for calculation. To investigate an averaged velocity to 
compensate for all bacterial motions involved in an interrogation window, two temporally 
consecutive (images at time t and t + ∆t, ∆t = 1/15 s in this study) but spatially identical 
interrogation windows were compared by shifting the latter interrogation window (at time t + ∆t) 
by 1 pixel in every major or diagonal direction with respect to the center of the former 
interrogation window (time t). The minimum change in pixel intensity value was found by 
subtracting one window from the other and consequently obtaining the new center of the shifted 
interrogation window in the image at time t. This indicates that shifting with the bulk movement 
of a small group of bacteria generally caused the minimum difference. After one process of 
single-pixel shifting, the next shifting process started over with respect to the new center of the 
shifted interrogation window (still at time t) with the new interrogation window, which is again 
temporally consecutive and spatially the same. This process of single-pixel shifting was 
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performed in order of ‘top to bottom’ and ‘left to right’ and was repetitively performed 10 times 
for every time interval for all interrogation windows over the entire investigation region and also 
for all 300 images. By shifting 10 times for each window, a very precise measurement can be 
made for each velocity vector, but to ensure accuracy the time interval ∆t must be small enough 
so that temporally consecutive windows do not shift to a degree greater than the scale of the 
interrogation window itself. 
 To further investigate the patterns of the entire flow field generated by the collective 
motion of the swarming bacteria, the velocity field on the swarm was spatially correlated. The 
spatial correlation function offers an insight to the degree to which the swarming bacteria are 
coordinated in some direction for any given area of interest. The spatial correlation function is 
defined as 
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where the angle brackets represent an ensemble average, Vv is averaged velocity for each 
interrogation window, rv is position vector of the center of each window, and sv is vector between 
the centers of two windows being interrogated. Once two velocity vectors are highly correlated 
with each other, i.e., “aligned” with an acute angle between two vectors, the inner product for the 
velocities yields a positively large value, while orthogonally oriented velocities yield zero and 
obtuse-angled vectors yield negative values. Correlation length can be determined by integrating 
Ω with respect to the in-between distance, s. 
Although cell culturing is performed with the same batches of nutrients and chemicals, 
swarms demonstrate noticeable variations. This is likely due to minute changes in the 
characteristics of the immediate surroundings of the bacteria such as variations in surface 
moisture, surface topography or local nutrient content. Due to these inherent variations between 
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different swarms and along the edges of a single swarm, multiple images and data sets were 
captured for an averaged analysis of swarm motility. 
 
2.3 Results and Discussion 
 The computed flow fields qualitatively matched the motion of the original image 
sequences upon visual inspection with the computed vectors superimposed on the original video. 
The velocity field of the swarming bacteria typically featured the combination of curvilinear 
translation and vortex modes. The bacteria formed several groups over the entire investigation 
region for a short time period, mostly translating along rather curved paths. They joined 
temporarily large streams but shortly after branched off in all directions and joined other streams 
forming another translational stream or sometimes vortices. They repeated these patterns and the 
density of the bacteria in the investigated region appeared quite constant. 
 Figure 2.2(a) shows the active swarming behavior of the bacteria on an agar plate. The 
agar plate was swarmed with thousands of swarming S. marcescens. The bacteria formed a dense 
monolayer carpet on the agar plate. The overall appearance seems to be random, but upon close 
inspection the cells reveal complex coordinated flow patterns composed of curvilinear motions 
and vortices. 
 Figure 2.3 shows the typical flow field of the investigated region and the arrows indicate 
the averaged magnitude and direction of the velocities for individual local interrogation windows. 
For the region within 1 mm from the edge, the bacteria on the agar plate seem to consist of many 
curved streams with average speed 13.4 µm/s (maximum 16.7 µm/s) as shown in Figure 2.4, and 
vortices rotating both clockwise and counterclockwise, normally 25 to 30 µm in diameter. The 
diameter of the vortices was four to five bacterium lengths based on the elongated cellular form 
(6-7 µm) on swarm plate [46]. The vortices seem to be induced by several neighboring curved 
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large streams. Some bacteria branched off from the main streams and joined other streams, but 
some formed vortices, which again merged into an adjacent stream or disappeared shortly. 
 
Figure 2.3. Instantaneous bacterial swarming flow field (a) at the edge and (b) 4 mm from the 
swarm edge. The cells revealed complex flow patterns composed of curvilinear motions and 
vortices. Average velocities were clearly lower at locations further from the swarm edge. The 
arrow (→) denotes a speed of 35 µm/s. 
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Figure 2.4. Average velocities at different locations from the swarm edge using multiple data 
sets. Due to strong vortices and translational motion, the near-edge regions have the largest 
average velocities. 
 
 There is a consistent increase in average velocity from the edge of the swarm to roughly 
0.45 mm.  At the edge of the swarm, individual bacteria are unable to move due to the semi-solid, 
highly viscous nature of the agar.  As the region of interest progresses further from the edge of 
the swarm, the bacteria move more freely due to the relative motility of the neighboring bacteria.  
An analogy can be made between the classic parabolic profile of viscous flow in a channel and 
the region between the edge of the swarm and 0.45 mm.  It should also be considered that the 
bacteria secrete serrawettin, a surface active exolipid which wets the agar surface and enhances 
motility [64]. 
 As the region of interest passes 0.45 mm from the swarm edge, the motility decreases.  
This may be due to entanglement of flagella between adjacent cells as density increases.  Also, 
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typically between 1 and 4 mm from the edge, a multilayer wave of immotile bacteria consistently 
overcomes the swarm. There is no coordinated movement after this wave passes in the sense that 
the bacteria do not exhibit collective motion in the form of streams and vortices. However, there 
is still an extremely slow progression of cells toward the swarm edge. Keeping in mind that the 
cells in this region are as yet quite alive and continue to reproduce, this is most likely due to the 
forces of biomass production causing a form of plug flow of entangled, immotile cells.  Due to 
the fact that Figure 2.4 represents the average of several swarms, this appears as a linearly 
declining velocity when, in fact, for each individual swarm velocity slowly decreases after 0.45 
mm then collective motion suddenly stops as the immotile wave is reached.  
 To further quantify the complex combination of the bacterial behaviors on the swarm 
plate, the spatial correlation function for the velocity field was obtained as a function of inter-
interrogation window distance. Figure 2.5 shows the normalized correlation between the averaged 
velocities for each interrogation region. The figure indicates that immediately neighboring 
bacteria are headed in the same direction with less directional correlation as distance between 
bacteria increases. Where the values of the spatial correlation function fall below 0.1 (distances of 
30-70 µm), the distance between flanks of both sides of the humps in the curves indicates the 
diameter of vortices [34]. The average intervortex distance ranged from 30 to 35 µm.  
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Figure 2.5. Normalized spatial correlations, 
! 
" s( ) , as a function of the distance between 
individual interrogation windows over 0.5 mm and 4 mm investigation domains. 
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Figure 2.6. Correlation lengths at different locations averaged over multiple swarms. The higher 
activity within 1 mm from the swarm edge appear to affect the degree to which the swarming 
bacteria are coordinated in a given direction for a given area of interest. 
 
 The correlation length was determined by integrating the correlation function over 
distance (Figure 2.6).  The mean correlation length was 9.4 ± 1.2 µm for the region within 1 mm 
from the edge.  Bacteria very near the swarm edge (10-100 µm) are slowed due to viscous 
interactions with the set of bacteria, which are directly situated on the leading edge of the swarm 
(0-10 µm from the swarm edge).  These bacteria of the edge of the swarm are themselves unable 
to move, and may remain in place for tens of seconds before being pushed by the swarm.  
However, bacteria at 0.5mm are less restricted and thus able to attain greater correlation length. 
The maximum correlation occurs at roughly 0.9 mm.  The slight increase from the edge to 0.5 
mm is again likely due to the lack of influence of immotile bacteria at the swarm edge.  The 
correlation length decreases past 0.9 mm from the edge due to flagellar entanglement, and the 
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sudden drop around 3 to 4 mm can again be attributed to the inactive waves of entangled bacteria 
that follow the freely moving near-edge region. This complex pattern is driven by surging 
bacterial crowds whose direction is not predictable. Sudden formations of rotational surges 
generate large velocity gradients at a local region and replenish the stream with the local cells 
which then return into transient vortex domains. 
 The average velocities and spatial correlation lengths reveal that the swarm enables rapid 
population of semi-solid surfaces.  Bacteria with the greatest velocities and correlations are active 
along the edge. The consequence of this is that collectives of cells act as battering rams against 
the immotile bacteria along the swarm edge.  This hammering motion pushes the otherwise 
immotile cells along the very edge of the swarm, enabling wetting of the surface. The high 
momentum due to surging motion of several hundred or even thousand cells enables the swarm to 
rapidly proceed.  The seemingly random nature of the surges averages across the edge of the 
swarm with several surges occurring within a minute near any given point along the edge. The 
cells decrease in motility and eventually stop moving completely in the region between 2-4 mm 
inside the swarm from the edge.  It is hypothesized that the cells in the swarm interior are not 
responsible for rapid population and progression of the swarm and thus motility in the form of 
streams and vortices is not required. 
 
2.4 Summary 
 In this study, we used a non-labeled cell-tracking tracking algorithm for characterizing 
the flagellated bacterial swarming motion on a soft agar plate without fluorescence labeling or 
help of microspheres as tracers. This method calculates average velocities for local regions 
regularly arranged over the entire flow field composed mostly of curvilinear bacterial stream and 
vortices. 
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The tracking method was further applied to study the motility of swarming bacteria as a 
function of distance from the swarm edge.  It was discovered that the average velocities were not 
highest at the very edge of the swarm, but actually reached the maxima in the areas roughly 450 
µm from the edge.  The maximum for the correlation length was also found to occur roughly 900 
µm from the swarm edge. This indicates that the bacterial flows align for the longest distances in 
this region. The data suggest that the high velocity, surging motions of the swarming cells cause a 
viscous push to the swarm edge and enable rapid population of the surface.  
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Chapter 3: Microfabrication and Manipulation of Bacterial Teamsters in Low 
Reynolds Number Fluidic Environments 
 
The flagellated bacteria Serratia marcescens have been employed as fluidic actuators to 
propel custom designed microstructures through the use of a swarm blotting technique. The novel 
methodology for microfabrication, manipulation, and experimentation is described in detail, and 
the advantages and drawbacks of alternative techniques are considered. Our results with PDMS 
and silicon microstructures led to the discovery of SU-8 as a suitable material. A microstructure 
tracking algorithm was developed to quantify the motion. The methodology is applied in a study 
of effects of microstructure geometry on velocity and trajectory in an open fluidic channel. 
Additionally, relationships between structure dimension and velocity are discussed. 
 
3.1. Introduction 
Recent developments in microfabrication technologies enabled a variety of miniaturized 
systems consisting of micro-mixers, pumps and various other actuating systems. Due to the size 
and the surface force effects [65, 66], the microscale fluidic transport phenomena are different 
from their larger-scale counterparts, generally described by the Navier-Stokes equation [67]. 
Hence, the technological demands on microfluidic systems require a better understanding of the 
flow characteristics in micron and sub-micron level devices. For devices smaller than one 
millimeter in length, the origin of the fluid forces can be created by the surface forces or the body 
forces driven by pressures, based on short-range van der Waals forces and longer range 
electrostatic or Coulombic forces [65, 66]. One approach to manipulate fluids actuating with 
extremely high efficiency in low Reynolds number fluidic environments is to utilize bio-
molecular motors from flagellated bacteria. Several research groups have initiated the study of 
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microactuation techniques in fluidic environments using intact microorganisms as a power 
source. Substantial progress has been demonstrated in this area; however, the ability to integrate 
microstructures of customized design has been essentially absent. To enable the study of this type 
of microactuation a method of microfabrication and manipulation is required to combine 
biological components with precisely designed microstructures. 
Darnton et al. investigated and illustrated that auto-mobile chips made of 
polydimethylsiloxane (PDMS), once blotted with S. marcescens, could be propelled and move at 
a speed of approximately 5 µm/s [68]. However, auto-mobile chips were made in such a way that 
every chip was different in size and shape. This factor may affect the result and repeatability of 
the experiment. Microbeads that are widely available commercially have also been used as 
microstructures and have been used to demonstrate control techniques for a number of research 
groups.  The bacteria Magnetospirillum gryphiswaldense has been used to manipulate 3 µm beads 
along preplanned paths using magnetotactic directional control [36]. On/off motion control of 10 
µm beads using S. marcescens has also been demonstrated using the addition of copper ions 
and/or ethylenediaminetetraacetic acid (EDTA) [69]. Additionally, the algae Chlamydomonas 
reinhardtii has served as a microactuator to move 6 µm beads using a combination of surface 
chemistry to attach loads, phototaxis to steer cells, and photochemistry to release loads [39]. 
Nonetheless, there are two distinct disadvantages of microbead use. Primarily, the study of 
actuation relies upon the random interaction of the microorganisms with microbeads. Given a 
large number of organisms and an abundance of microbeads, the statistical chance of interaction 
is significant, but there is a lack of targeted manipulation and the ensuing ability to intentionally 
vary experimental parameters with a great degree of certainty. Secondarily, the ability to study 
the effect of loading on structures of varying geometry is lacking since the microbeads have a 
uniformly spherical shape.  
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 For this study the bacteria S. marcescens have been chosen due to the ability to exploit 
the swarming behavior that is apparent on soft agar surfaces. S. marcescens are peritrichously 
flagellated, gram negative bacteria which are roughly 2 µm long by 1 µm in diameter in their 
swimming form. S. marcescens swim at speeds of about 50 µm/s, propelled by the rotation of 
about five long (10 µm), thin (20 nm), helical filaments, each driven at its base by a flagellar 
motor [43]. The individual flagella are driven by reversible bimolecular motors which are able to 
rotate the flagella in clockwise (CW) or counterclockwise (CCW) directions [44]. When the 
flagella all rotate in the CCW direction, the flagella form a bundle which propels the bacterium in 
one direction which is generally referred to as a ‘run’. When one of the biomotors reverses and 
rotates CW, the associated flagellum separates from the bundle, and the bacterium moves 
erratically and reorients itself or ‘tumbles’ [45]. When cultured on a soft agar semi-solid surface, 
S. marcescens exhibit a different form of locomotion known as swarming. This type of 
locomotion is still based on propulsion by flagella, but the individual cells undergo a change in 
phenotype, elongating up to 10 µm and becoming hyperflagellated [46]. The extreme vigor of 
these cells is leveraged for the actuation technique described herein. 
A need to develop a methodology to fabricate precise, consistent and well-defined 
microstructures of desired shape and size that can be individually manipulated into the working 
fluid provides the motivation for this work. Using the methodology described here, many 
additional studies on control techniques may be performed. One such study is a letter on 
phototactic control of microstructures [61], though this brief did not detail the parameters 
involved with microfabrication, micromanipulation and actuation as encompassed here. 
Additionally, the geometric effect of microstructures powered by bacterial actuation is considered 
in an unrestricted, open-channel environment. Through a series of experiments with structures of 
varying geometry and aspect ratio, it is concluded that microstructure geometry plays no role in 
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determining the mode of actuation (translation vs. rotation), but that microstructure velocity is 
dependent on size. 
 
3.2. Methods 
To accomplish effective actuation of custom designed microstructures several processes 
are necessary. These processes include culturing bacteria S. marcescens using the swarm plate 
technique as covered in section 2.2.1, fabricating microstructures, blotting and manipulating 
microstructures with bacteria into the working fluid, and finally tracking the microstructures 
using an algorithm to quantify the magnitude and direction of motion. 
 
3.2.1 Microfabrication 
Future studies and applications require precise microstructures that can be fabricated on 
large-scale, manipulated into the working fluid, and tracked using an algorithm with minimum 
processing time. To achieve these goals, fabricated structures should be biocompatible in the 
sense that materials preserve and promote bacterial motility and provide a surface to which 
bacteria attach readily. Additionally, the composite specific gravity of the structure should be 
similar to the working fluid and provide both chemical and thermal stability.  It is additionally 
helpful if the fabricated structures are transparent and have a high refractive index to provide 
clearly defined boundaries, which can be readily discerned by a tracking algorithm. 
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3.2.1.1 Mask Design 
Masks are an integral component in the photolithographic process of microstructure 
fabrication. Using AutoCAD, the designed two-dimensional micro-geometry was drawn with 
precision, and printed onto a transparency film (CAD/Art Service, Inc, Bandon, OR) with high 
resolution (18,000 dpi). A dark field mask design for microstructures was generated with three 
different geometries patterned on the wafer: squares, triangles and circles. These geometries were 
repeated on four quadrants of the circular wafer with different aspect ratios. In the second, third 
and fourth quadrants, the squares were extended to rectangles while the circles were extended to 
ellipses. The dimensions of the geometries designed on the mask were 50 × 50 µm2 squares, 50 × 
100 µm2 rectangles, 50 × 150 µm2 rectangles, 50 µm equilateral triangles, 50 × 100 µm2 height 
isosceles triangles, 50 × 150 µm2 height isosceles triangles, 50 µm circles, ellipses with minor 
axes of 50 µm and major axes of 100 µm, and ellipses with minor axes of 50 µm and major axes 
of 150 µm. The distance between each individual pattern was approximately 40 µm to allow 
working space for extraction of individual microstructures. 
 
3.2.1.2 SU-8 Microstructure Fabrication 
SU-8 Series 10 (MicroChem, Newton, MA) negative photoresist forms strong cross links 
on exposure to ultraviolet (UV) light, and the unexposed regions are easily removed using a 
developer solution. A two-inch silicon wafer was first cleaned in isopropanol. The wafer was then 
dried with nitrogen gas, rinsed with deionized water, and dehydrated at 200 °C for 5 minutes. 
Once the wafer was pre-treated, it was placed on the vacuum chuck of a spin coater. SU-8 10 
negative photoresist was dispensed on the wafer to cover 2/3 of the wafer surface or 1 ml per inch 
of diameter. In order to achieve a final thickness of 10 µm, the spin coater was set to ramp to 500 
rpm at 100 rpm/sec, held for 5-10 seconds, and was ramped to a final spin speed of 3000 rpm at 
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300 rpm/sec, held for 30 seconds at that speed, and stopped gradually. Upon completion of this 
process, the wafer was soft baked in two steps. First, the wafer was pre-baked for 2 minutes at 65 
°C and then soft-baked at 95 °C for 5 minutes. The next fabrication step was UV exposure. The 
total energy dose is 100-150 mJ/cm2. On completion of exposure, the second step was to post-
bake the wafer. During post bake, the wafer was baked at 65 °C for 1 minute then shifted to 
another hot plate to be baked at 95 °C for 2 minutes. Once the wafer was cooled, an SU-8 
developer was used to wash away regions of unexposed SU-8 from the wafer and leave only the 
microstructures patterned on the surface.  The wafer was submerged in a container with SU-8 10 
developer for approximately two minutes. The container was gently agitated to allow complete 
removal of unexposed SU-8 10. Isopropyl alcohol was then applied to wash away any developer 
left on the surface of the wafer. This wafer was once again rinsed with deionized water to remove 
any toxins that were present on the wafer. The wafer was then blow dried with a jet of Nitrogen 
gas, and the SU-8 pattern was ready for blotting and then extraction (Figure 3.1). 
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Figure 3.1. Microfabrication of SU-8 microstructures (a) The silicon wafer is coated with SU-8 
10 photoresist (b) UV light is transmitted through a photomask to create an exposure pattern. (c) 
SU-8 developer is used to remove uncrosslinked photoresist.  The wafer is rinsed in isopropanol 
and DI water and dried with nitrogen. (d) Sections of the wafer, each with many microstructures, 
are inverted along the swarm edge for bacterial attachment. (e) Individual microstructures are 
mechanically released into motile buffer. 
 
3.2.1.3 Microfabrication of Silicon (Si) and Polydimethylsiloxane (PDMS) Microstructures 
These experiments were also performed with polydimethylsiloxane (PDMS) 
microstructures which is the clear choice for biocompatibility; however, it was determined that 
individual PDMS structures were difficult to manipulate and control due to the adhesion of 
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PDMS structures to all surfaces.  This is a common difficulty in microassembly where 
traditionally neglected forces (electrostatic, van der Waals, surface tension) become dominating 
[70]. Though successful trials with PDMS were completed, the successful yield of well-formed, 
free-floating PDMS structures was too low to allow collection of significant data. 
PDMS microstructures were fabricated using an SU-8 mold that was identical to the 
process used in section 3.2.1.2. To prepare PDMS, Sylgard 184 silicon elastomer and its curing 
agent (Dow Corning, Midland MI) were mixed at a 10:1 mass ratio. This mixture was then 
degassed for 45 minutes to remove all embedded bubbles. After degassing, PDMS was spun on 
the SU-8 10 mold in a series of two cycles. During the first cycle, the glass wafer was accelerated 
from rest to 2200 RPM at an acceleration of 550 rpm/sec and held at this speed for 30 seconds to 
evenly spread the PDMS across the surface. For the second process, the wafer is further 
accelerated at 2500 rpm/sec to 5000 rpm and maintained at this speed for another 30 seconds to 
obtain a thin layer of PDMS over the mold surface. The remaining PDMS then cured at 100 °C 
for 1 hour. 
In addition to SU-8 and PDMS microstructures, pure silicon may also be patterned using 
silicon-on-insulator (SOI) wafers [71]. Microstructure geometry is defined by masking individual 
structures with positive photoresist.  The sidewalls are etched by using reactive ion etching (RIE) 
and structures are underetched using buffered oxide etch (BOE).   
 
3.2.1.4 Advantages of SU-8 over PDMS and Silicon Microstructures 
It was observed that bacteria attached readily to negative photoresist SU-8 series 10.  SU-
8 has good chemical and thermal resistance, and its high optical transparency is well suited for 
image processing. SU-8 has a refractive index of 1.68 [72] as compared to PDMS and silicon 
having refractive indices 1.41 [73] and 0, respectively. The higher the refractive index of a 
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substance, the greater the light bends at the surface interface, in this case motililty buffer and SU-
8 microstructures. This is important from the point of view of the tracking algorithm because 
transparent substances with higher refractive indices (SU-8) tend to create a well-defined 
boundary under a microscope (Figure 3.2) than substances with lower refractive indices (PDMS). 
Clearer structure outlines allow a reduction in processing time due to the high edge contrast. 
 
 
Figure 3.2. 10 µm thick PDMS and SU-8 structures (a) PDMS tears very easily under 
micromanipulation and (b) exhibits adhesive forces to other PDMS structures, working tools, and 
the Petri dish. (c) SU-8 demonstrates higher rigidity and ability to more easily micromanipulate. 
(d) The higher index of refraction of SU-8 also creates higher background contrast. 
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Additional advantages of SU-8 microstructures are based on mechanical properties. SU-8 
shows good adhesion to silicon during the fabrication process, but what is particularly useful 
about SU-8 is that once released from substrate it does not immediately reattach to the substrate 
surface or working instruments. This property of SU-8 makes it a perfect candidate for bacterial 
actuation studies, allowing the structures to adhere well to the silicon chip during the fabrication 
and blotting process yet still be easily removed and manipulated. On the other hand, PDMS 
consistently adheres to all surfaces including working instruments before and after the fabrication 
and blotting process, which makes it difficult to release individual PDMS structures into the 
working fluid for experimentation. Where it takes seconds to successfully remove and manipulate 
many SU-8 structures, it takes 1-2 hours to manipulate a single PDMS microstructure.  
Flexible PDMS microstructures with a low Young's modulus (750 KPa) [74] were seen to 
tear during manipulation processes.  Using SU-8 microstructures with a high Young’s modulus 
(4.02 GPa) [75] made the extraction process easier with little or no structural damage to the 
microstructures and neighboring structures. The flexible, adhesive, and elastic nature of PDMS 
additionally limited the microstructure size that could be extracted to roughly 300 µm in the 
greatest dimension. Additionally, the transition in the fabrication material from PDMS to SU-8 
led to easier simultaneous removal of a number of microstructures from the silicon wafer. As seen 
in Figure 3.2, SU-8 microstructures had stronger integrity than PDMS microstructures, and could 
be easily extracted without damage. SU-8 was strong enough to withstand micromanipulation 
processes, but at the same time was easily able to be separated from the silicon wafer substrate. 
Silicon presents a favorable substrate for bacterial adhesion and actuation; however, there 
are significant disadvantages.  Primarily, the cost of the fabrication procedure is several times 
higher than that for SU-8 structures.  Since silicon is not transparent, it is impractical to determine 
the efficacy of the blotting process.  An evaluation of the bacterial monolayer is important to gain 
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an understanding of structure motion, and this important step is difficult with opaque materials 
since bacterial cell bodies are only clearly apparent using phase contrast microscopy. 
 
3.2.2 Micromanipulation 
Current research depends on sophisticated and expensive equipment to perform 
micromanipulation. Considering that future application implementing bacterial actuators will 
require simpler, inexpensive micromanipulation process, a series of steps was developed to 
release microstructures into the working fluid without damaging the structure or attached 
bacteria. Henceforth, micromanipulation will be referred to as a procedure by which 
microstructures blotted with bacteria are extracted from the substrate and released into the 
working fluid with the aid of the microscope.  
After the fabrication process, the two inch wafer with microstructures was cut into 
sections 10 × 5 mm2 using a diamond tipped engraving pen, which contained several fully intact 
microstructures. To blot, the separated sections were washed with motility buffer (0.01 M 
potassium phosphate, 0.067 M sodium chloride, 10-4 M ethylenediaminetetraacetic acid (EDTA), 
0.01 M glucose, and 0.002% Tween-20, pH 7.0) then inverted onto the edge of the swarm plate. 
The section was removed from the swarm plate, transferred to a dish with motility buffer, and 
lightly agitated to remove unattached bacteria and excess agar.  This process ensured that a 
monolayer of bacteria was attached to the microstructures with flagella free to move and 
untangled from other layers of bacteria and agar. The blotted section was then moved to a fresh 
Petri dish and submerged under a thin layer of motility buffer. The manipulation was performed 
using a stereo microscope for three-dimensional viewing, thus allowing individual 
microstructures to be selected and removed. As seen in Figure 3.3, after affixing the silicon chip 
to the bottom of the Petri dish, a 25 gauge needle was used to select and remove structures along 
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the longest side. The flat side of the end of the needle, rather than the pointed tip was used for 
removal. This allowed the force that is required to break the structure from the substrate to be 
evenly distributed thus minimizing deformation caused by point loads. 
 
 
Figure 3.3. Extraction of 50 µm square SU-8 structures. 
 
3.2.3 Microstructure Tracking 
A tracking algorithm was designed to analyze the motion of the SU-8 microstructure 
driven by the attached flagellated bacteria S. marcescens in motility buffer. The current study 
analyzed two distinct motions of rigid bodies, translation and rotation. To characterize the motion 
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of the bacteria-driven microstructures, the geometric centroid and orientation angle was traced. 
The algorithm was validated by testing the motion and velocity of a theoretical test structure with 
predetermined shape and velocity.  
A set of consecutive frames with 2048 × 2048 pixels was captured using a Retiga 4000R 
digital camera and imported into MATLAB for analysis.  Imaging was performed on a Leica 
DMIRB inverted microscope using phase contrast.  A tracking algorithm was designed to analyze 
the motion of the geometric centroid. Frames of video were captured, digitized and imported 
directly into MATLAB for analysis. The grayscale images were converted to binary images using 
a threshold tuned to optimize the effect of edge contrast of the SU-8 microstructure.  The binary 
images were then inverted and all closed regions were filled.  Closed structures of all sizes were 
next identified as individual elements, and elements smaller and larger than a predetermined pixel 
count were deleted leaving the area of the microstructure clearly defined and isolated.  Finally, 
microstructure centroid location and orientation for each frame were determined and written to a 
data file. 
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Figure 3.4. Structure tracking. (a) Individual frames of 100 µm square structure movement are 
captured. (b) A thresholding scheme converting grayscale images to binary is optimized for edge 
detection.  (c) The binary image is inverted. (d) Closed areas are filled to define microstructure 
area. (e) An area threshold algorithm is applied to delete unwanted noise. (f) A vector of the 
centroid velocity and microstructure orientation is added. 
 
The shape of the microstructure was recognized by both vertical and horizontal scans, 
giving the x-y coordinates of each pixel constituting the upper and lower boundaries of the 
isolated microstructure. When the centroid of the shape was calculated, the shape was divided 
into a combination of known shapes which are lines ending up with upper and lower boundary 
pixels, then the following formulae were applied, 
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where x denotes the direction of the image length and y the image width, xc and yc denote the 
coordinates of the centroid of the microstructure, Ai and Aj represent the area of sub-shapes 
composing the microstructure, xi and yi are the coordinates of the centroid of the sub-shapes, and 
Atotal is the total area of the microstructure. The distance between the centroids of the consecutive 
frames was calculated based on the pixel-to-pixel distance, which corresponded to the appropriate 
viewing magnification, allowing the magnitude and direction of the microstructure motion to be 
calculated and plotted. 
 
3.3 Results and Discussion 
It has been observed in various applications including microfluidic pumps [76] and 
phototactic control of autonomous microstructures [61] that bacteria can generate useful work 
from self-organized global coordination amongst the flagella that form the bacterial carpet. 
Closed systems studies on bacterial carpets show that boundary conditions have a significant 
impact on bacterial behavior and hence its coordination. Therefore, it was important from the 
control point of view to know how the microstructures blotted with bacterial carpets would 
perform in open channels with no sidewall boundary conditions. Based on studies concerning 
swarming bacterial behavior [55] and the behavior of blotted bacterial carpets, the authors 
designed and fabricated structures with different geometries and aspect ratios to test the 
hypothesis that microstructures with different geometric shapes produce some preferential 
directional motion in the open channel. Bacterial carpets have been observed to produce local 
regions of translational and rotational fluid motion, referred to as rivers and whirlpools. The 
average interwhirlpool distance is 30 µm, and the location of whirlpools centers shift, merge, and 
dissipate within 10 min [68]. If there existed a relation between geometry and directional motion, 
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structural shape would play an important role in deciding the shape of mechanical parts in the 
bacterial actuated microsystems.  
It should be noted that care was taken to assure that microstructure motion was 
independent all external stimuli. Considerable settling time was allowed after addition of motile 
buffer. Bacteria and particles in the local fluid field were compared to assure that results were not 
part of a larger bulk flow. Hydrostatic effects are also not a factor since all experiments were 
performed in a Petri dish that was leveled with respect to the level surface of a vibration isolation 
table. Microstructures were completely submerged and generally within 5 µm of the Petri dish 
surface. The depth of the fluid was 4-5 mm.  Structures were intentionally kept close to the 
surface of the Petri dish to avoid bulk flow due to thermal and evaporative effects. 
 
 
Figure 3.5. Velocity vectors show centroid movement. (a) 50 × 100 µm rectangular barge 
translates at an average speed of 1.7 µm/s during 25 seconds and rotates 1.48 radians. (b) 50 × 
100 µm isosceles triangle rotates 3.1 radians during 50 seconds with centroid translating at an 
average speed of 1.9 µm/s. 
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After a series of experiments with various structures it is concluded that geometry of the 
microstructure plays no role in creating a resultant translational or rotational motion in an open 
channel. As shown in Figure 3.5, both translation and rotational motions were observed with 
clockwise and anticlockwise rotational motion being dominant. In a carpet of densely packed 
cells, the interactions between many flagella in a neighborhood leads to the formation of local 
pockets of coordinated fluid motion [37]. It is inferred that rotation or translation motion are the 
result of size of coordinated regions and their alignment. When size is limited net thrust is 
generated in one direction. The clear exception to this occurs when bacteria are blotted unevenly.  
For instance, if bacteria are blotted only along one edge of a structure and coordinate in a 
direction tangential to the center, rotation will dominate (Figure 3.6). It was observed that as size 
increases velocity of the structure decreases and more rotational motion was predominant. The 
structures studied with the smallest dimensions showed the highest rate of translation (15 µm/s) 
and rotation (3.1 rad/s).   A summary of results for different materials, dimensions and their 
corresponding modes of motion are given in Table 3.1.  For larger structures on the scale of 50 - 
100 µm, the bacterial carpet naturally divides into separate competing regions in which the 
flagella of each region are coordinated and aligned in one direction. Without sidewall boundary 
conditions these regions have a tendency to create a net torque generating a resultant rotational 
motion. In the absence of the coordination, the widths of the coordinated regions are smaller with 
all the individual regions pointing in different direction creating a zero resultant motion. A 
directional stimulus such as magnetotaxis [36], galvanotaxis [77], or phototaxis could be used to 
direct these individual forces/regions generating a directed and controlled translational or 
rotational motion. The MATLAB algorithm that was demonstrated in section 3.2.4 could be used 
as a feedback component to adjust the stimulus to keep the microstructure on a predetermined 
track. The systems can be sustained for hours or even days if nutrient supply and environmental 
conditions are maintained. 
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Scale Material Velocity (µm/s) Modes 
5-15 µm Silicon 4 -15 µm/s Helical/Rotational 
50-100 µm SU-8/PDMS 1.5 -2.5 µm/s Translational/Rotational 
200-400 µm SU-8 << 1 µm/s Rotational 
 
Table 3.1. Comprehensive data showing the relation of microstructure size to that of velocity. 
 
Although it has been suggested that typical speed should be roughly independent of size 
[68], this work suggests that there may be additional factors to consider. This is most easily 
understood by considering the upper and lower limits of practical structure size.  At the upper 
limit for structures on the scale of 400 µm, it has been observed that bacteria are unable to 
generate sufficient coordination to induce a propulsive force on the microstructure. For the lower 
limit, a structure similar in size to the bacterial cell body can be considered. In this case, the 
combined radius of the structure and cell body is only slightly greater than the cell body itself.  
The combined Stokes’ drag estimation in this case is very similar considering that the combined 
effective radius is only slightly increased, thus it is expected that the overall velocity of 
propagation will be quite similar to the velocity of a free-swimming bacterium.  Indeed, this 
increase in velocity has been experimentally observed (Figures 3.6, 3.7) by studying the motion 
of structures less than 10 µm in greatest dimension. Additionally, it is more likely that bacteria in 
very close proximity will coordinate in the same direction. 
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Figure 3.6. Silicon microstructure rotating at a consistent angular velocity of 3.7 rad/s. Rotation 
persisted for several minutes. Centroid velocity averaged 15 µm/s. 
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Figure 3.7. Time lapse image of 8 × 4 µm silicon chip helical motion with velocity 4.4 µm/s. 
Image appears blurred due to three dimensional rotation in and out of focal plane. Helical 
motion continued for several minutes. 
 
Lastly, it should be noted that material selection is extremely important for these 
observation.  PDMS and SU-8 structures have specific weights very similar to that of the fluid 
environment (1.05 g/cm3, 1.2 g/cm3 respectively).  This limits the effects of gravity on the ability 
of bacteria to actuate microstructures.  This is also the reason that the only observations with 
silicon chips (density 2.33 g/cm3) that have been made have been with the smallest of 
dimensions. Thick (greater than 4µm) silicon structures cannot be propelled due to the 
overwhelming effect of gravity. 
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3.4. Summary 
This work was designed to develop more effective methods to study bacterial actuation 
systems by exploring various microfabrication, manipulation and tracking techniques.  Using the 
methodology described here, microstructures of custom design may be used to develop many 
novel studies in the area of microorganic actuation and control.  It was discovered that use of SU-
8 and silicon for actuation of structures of repeatable geometry were favorable over employing 
PDMS.  Results concerning geometric influence on structure trajectory also showed that while the 
mode of structure propagation (translation vs. rotation) was more or less independent of shape, 
mean velocity increases as structure size decreases.  Further study will determine how the mode 
of propagation and velocity are related to patterns of bacterial blotting.  
These methods may be applied to many additional studies concerning bacterial actuation 
systems as various experimental parameters are explored.  Also, it is thought that the nature of 
flagellar orientation and activity may be demystified using these techniques for the development 
of more effective bacterial transportation systems.  The planar nature of microfabrication and 
bacterial blotting nicely matches the restriction of light microscopy to observation in a single 
plane at one time. 
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Chapter 4: Control of Microfabricated Structures Powered by Flagellated Bacteria 
Using Phototaxis 
 
 Flagellated bacteria have been employed as microactuators in low Reynolds number 
fluidic environments. SU-8 microstructures have been fabricated and released on the surface of 
swarming Serratia marcescens, and the flagella propel the structures along the swarm surface. 
Phototactic control of these structures is demonstrated by exposing the localized regions of the 
swarm to ultraviolet light. We additionally discuss control of microstructures in an open channel 
powered by bacteria, which have been docked through a blotting technique. A tracking algorithm 
has been developed to analyze swarming patterns of the bacteria as well as the kinematics of the 
microstructures. 
 
4.1 Introduction 
 As the field of engineered micro/nanoscale structures matures, a need has emerged for 
robust, controllable methods of actuation for miniaturized systems. The biomolecular motors 
embedded in the cell bodies of various strains of bacteria may be employed as actuators for such 
applications. Flagellated bacteria such as Escherichia coli and Serratia marcescens use rotating 
helical flagella to swim [44, 49]. Flagellar motors offer many unique advantages as 
microactuators. Through well-established cell culturing techniques, countless bacteria can be 
inexpensively cultured in a matter of hours. They draw chemical energy directly from their 
environment and are able to survive in a wide range of temperature and pH. Additionally, bacteria 
are controllable en masse through optical and chemical sensory mechanisms. The ability of cells 
to respond to chemical concentration gradients is referred to as chemotaxis [63], while phototaxis 
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refers to the ability of cells to respond to optical stimulus. Bacteria have also been demonstrated 
to self-coordinate when patterned in monolayer carpets, creating effective microfluidic pumps 
and mixers [37, 38]. Taken together, these attributes provide convincing motivation for the use of 
bacteria as configurable microactuators. 
 In the current experiment, a 50 µm equilateral triangular structure is fabricated using 
conventional microfabrication techniques [71], which has been chosen for all experiments to 
maintain consistency.  A thickness of 10 µm offers a balance between scale for bacterial actuation 
and structural rigidity for release from the substrate. Negative photoresist SU-8 Series 10 
(MicroChem, Newton, MA) has been used for the microstructures based on observations that 
Serratia marcescens (ATCC 274, American Type Culture Collection, Manassas, VA) attach 
favorably to this material. 
 
4.2 Methods 
 The bacteria Serratia marcescens are cultured using a swarm plate technique. Swarming 
bacteria are especially useful as actuators due to their rigor and size [46]. These bacteria are 
hyperflagellated, elongated and migrate cooperatively [50]. An agar plate is inoculated on one 
edge with 2 µl of Serratia marcescens saturated culture, and swarming begins within 8-16 hours. 
The inoculation site will generally turn pink slightly after the swarming motion develops. The 
swarm itself progresses across the plate in waves that appear as concentric rings with the most 
active bacteria along the outermost edge of the swarm. 
A tracking algorithm was developed to study the velocity field of Serratia marcescens 
swarming on a soft agar plate. Average velocities for local regions regularly arranged over the 
entire flow field were investigated rather than those for individual bacteria. Consecutive images 
describing the minute motions of the swarming bacteria were captured and digitized, and 
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imported into MATLAB for analysis. The 600 × 600 pixel investigation region was swarmed 
with thousands of bacteria, but due to difficulties with recognition of individual bacterium 
swarming in close proximity or having unclear boundaries limited by image resolution, local 
interrogation windows (10 × 10 pixel) for locally averaged velocity analysis were defined over 
the entire investigation field, with 5-pixel shifts both in vertical and horizontal directions of the 
image. Each interrogation window included several bacteria heading toward similar or different 
directions, and along the edges of these windows only the fraction of the individual cell bodies 
present in the window was included for calculation. To investigate an averaged velocity to 
compensate all bacterial motions involved in an interrogation window, two temporally 
consecutive but spatially similar interrogation windows were compared by shifting the latter 
window by 1-pixel in every major or diagonal direction with respect to the center of the former 
window to find the minimum change in pixel values by subtracting one window from the other 
and consequently obtain the new center of the shifted window. This method is equivalent to 
tracking the centroids of the moving bacterial carpet with coordinates given by 
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where xc and yc represent centroid coordinates and A represents area.   
The velocity field of bacteria typically featured the combination of linear translation and 
vortex modes [55]. The bacteria formed several groups over the entire investigation region for a 
short time period, mostly translating along rather curved paths. They joined a temporarily main 
stream but shortly after branched off in all directions and joined other streams forming another 
translational stream or sometimes vortices. They repeated these patterns and the density of the 
bacteria in the investigated region seemed to be quite constant. The magnitude of the velocity 
ranged from 20 to 30 µm/s, and the diameter of the vortices appeared to be two to four bacterium 
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lengths. The vector field of the investigated region indicates the averaged magnitude and 
direction in each local interrogation window (Figure 4.1). The computed result showed good 
agreement with the original images. 
 
Figure 4.1. (a) Swarming Serratia marcescens and (b) Instantaneous velocity field of swarming 
bacteria. Clear examples of translating streams and rotating vortices are delineated. The scale 
bars are 10 µm. 
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To further investigate the flow patterns generated by the collective motion of the 
swarming bacteria, methods based on the temporal and spatial correlation functions of the 
velocity field on the swarm are exploited [78]. The spatial correlation function offers an insight to 
the degree to which the swarming bacteria are coordinated in some direction for a specific area of 
interest, while the temporal correlation function indicates the tendency of swarming bacteria to 
maintain motion in a particular direction over time. The spatial correlation function, Ω, is given 
as 
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where uv represents the velocity at location rv, and sv represents the vector between each velocity 
vector. Correlation length can be determined by integrating Ω. The correlation time for a 
generalized direction, τaa, can be found by integrating the temporal correlation function 
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Where a represents a generalized direction of interest, τ represents the time interval between 
interrogation frames and t is time. Using the bacterial tracking algorithm the mean correlation 
length is 8.47 ± 0.85µm and the mean correlation time is 0.28 ± 0.056 seconds. 
 Microstructures were released from the substrate by applying minimal force along the 
edges with a scalpel blade. SU-8 adheres very strongly to the silicon surface; however, with such 
a small contact area the structures can be removed fully intact.  Observations were first performed 
along the leading edge of the swarm. The microstructure motion generally translates in the 
direction of the swarm edge, and becomes immotile after the most active portion of the swarm 
passes over. The microstructure motion may be accelerated by adding a thin layer of motility 
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buffer (0.01 M potassium phosphate, 0.067 M sodium chloride, 10-4 M ethylenediaminetetraacetic 
acid, 0.01 M glucose, and 0.002% Tween-20, pH 7.0). The motility buffer, a solution rich in 
nutrients necessary for sustained bacterial motion, both accelerates the swarming motion on the 
surface of the agar and introduces a buoyancy force allowing the surface flagellar motion on the 
microstructure to be more easily studied. The higher density of SU-8 (~1.2 g/cm3) relative to 
motility buffer keeps the microstructure in contact with the swarm surface. 
 
4.3 Results and Discussion 
 Phototactic control of the microstructure is demonstrated by exposing the localized 
swarm region to ultraviolet (UV) light (Figure 4.2). This is accomplished by introducing an 
unfiltered mercury vapor light source to the region, which is otherwise observed under phase 
contrast. After exposing the region temporarily to UV light, the local observation region becomes 
inactive within 5 seconds. Swarming and subsequent motion of the microstructure resumes when 
the UV light source is once again shuttered, typically within 8 seconds. 
 Microstructures are also observed in the open channel of motility buffer utilizing a 
blotting technique [34]. The microstructures are first blotted on the swarm plate and rinsed of all 
agar and unattached bacteria. This process leaves a bacterial monolayer on the surface of the 
microstructure.  These structures are introduced to an open channel of fresh motility buffer.  The 
structures are free to move in any direction and, with the obvious exception of the bottom of the 
Petri dish, are unaffected by near-wall viscous interactions or other fluidic forces.  By creating a 
bacterial monolayer on the surface of the structure, a velocity field similar to that found on the 
swarm surface is replicated on one face of the structures. The major difference is simply that the 
bacteria are fixed in place and the flagella self-coordinate [34, 35]. This natural global self-
coordination of the blotted bacteria exerts a net thrust on the microstructure causing rotational 
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and/or translational movement of the microstructure (Figure 4.3).  Phototactic on/off control can 
again be demonstrated for microstructures in the open channel for short exposures (Figure 4.4). 
 
Figure 4.2. Phototactic control of a 50 µm triangular microstructure (a1) translation with 
average velocity 9.15 µm/s before UV exposure (a2) during 5 seconds exposure translation stops 
(a3) after exposure translation fully resumes within 8 seconds (b1) rotation with average angular 
velocity 1.05 rad/s on swarm plate before UV exposure; centroid follows path shown (b2) 
rotation stops during 5 second exposure (b3) rotation fully resumes within 7 seconds after 
exposure. The scale bars are 25 µm. 
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Figure 4.3. A 50 µm triangular microstructure rotating in open channel motility buffer; (a) 
rotational motion with 0.21 rad/s and (b) coiled motion with 0.31 rad/s. The scale bars are 50 µm 
on each side. 
 
Figure 4.4. A 100 × 50 µm2 rectanglar microstructure rotating in open channel motility buffer; 
(a) Time-lapse image of microstructure moving CCW (b) Temporary application of UV light 
causes motion to stop (c) Motion resumes after UV light is shuttered. 
 
   
(b)  (c) (a) 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4.3.1. Characterization of the Effect of UV Light 
 Exposure to UV light has been established as a mechanism which affects the motility of 
bacteria [79]. Since MBRs generally exhibit rotational motion in the absence of external stimuli, 
use of UV light exposure is an effective means of adjusting angular velocity or completely 
stopping rotational motion [61]. Several trials were performed by recording the motion of the 
MBRs upon exposure to UV light until motion ceased. The optical path included a 100 W Hg 
light source and a 63× PL Fluorotar objective. To capture the unstimulated motion, video was 
recorded for 10 s before exposing the MBRs to UV light.  The orientation of the MBRs was 
tracked and evaluated in MATLAB using a feature-based tracking algorithm [80]. It was 
discovered that the general behavior was quite similar between trials, and three distinct regions 
could summarize motion. Between 0-10 s angular velocity was relatively constant as expected 
since no stimulus had been applied. After exposing UV light, the rotational motion nearly ceased 
for 1-2 s before resuming at a somewhat lower angular velocity. It is hypothesized that this 
temporary cessation may be related to the brief induction of tumbling in the bacteria as the cells 
adjust to the stimulus [79, 81, 82]. Between 5-45 s after UV exposure, the bacterial flagella 
gradually de-energized and the magnitude of the angular velocity of the MBRs decreased 
exponentially (Figures 4.5, 4.6). This characterization was used to adjust angular orientation of 
MBRs for transporter experiments. 
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Figure 4.5. Shown are the compiled results of several trials of exposure of microstructures to UV 
light. The results of the angular orientation were normalized and averaged to reveal 
characteristic trends.  
 
Effect of UV light on microstructures 
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Figure 4.6. Data from figure 4.4 expressed with standard deviation represented by error bars.  
Although there is considerable difference in angular velocity, trends are consistent. 
 
 Phototactic control has been employed for these experiments due to its clear advantages 
over chemotactic control.  Firstly, the response of the bacteria is immediate and uniform 
throughout the exposure region.  Perhaps just as importantly, phototactic stimulus is easily 
removed without causing fluidic disturbances such as those introduced by refreshing chemicals. 
 Our results show that microstructures may be fabricated and actuated using bacteria on 
the swarm plate or in the open channel microfluidic environment.  The phototactic response of 
bacteria to UV light may be utilized to exert on/off control of microstructures in either 
environment. The scale of the microstructure (50 µm) was chosen based on the result of the 
observation of Dombrowski et al [55].  Microstructure motion reflecting both the translational 
streams and the rotational vortices that are typical of bacterial swarming movement is observed 
and controlled through phototaxis.  By replicating the velocity field on the surface of the 
Effect of UV light on microstructures 
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microstructure by employing a blotting technique and global flagellar self-coordination, a self-
powered microscale transportation system in an open channel has been demonstrated. 
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Chapter 5: Electrokinetic Control of Microbiorobots 
 
We are examining microactuation techniques by employing the electrokinetic behavior of 
certain bacteria. We cultured selected strains of swarming Serratia marcescens, which were 
attached to microstructures using a blotting technique that creates a bacterial monolayer carpet. 
We call this construct a microbiorobot (MBR).  The bacterial carpets naturally self-coordinate to 
propel the MBRs. They were placed in an open channel and direct current electric fields were 
applied to characterize the nature of electrokinetic control. This mobility is due to the presence of 
naturally charged bacteria on the microstructure surface and arises from electrophoresis.  A basic 
microassembly task and closed loop control of MBRs were demonstrated, and a predictive 
stochastic modeled is presented. 
 
5.1 Introduction 
As the field of engineered micro/nanoscale structures develops, so does the need for 
controllable methods of microactuation.  The ability of cells to respond to chemical concentration 
gradients is referred to as chemotaxis [63], while phototaxis refers to the ability of cells to 
respond to light stimuli [61].  Galvanotaxis refers to the response of cells to seek an electrode due 
to the difference in electrophoretic mobility between the cell body and the flagella.  This 
difference causes the cell to be mechanically oriented in the direct current (d.c.) electric field 
(EF).  Different types of bacteria have been shown to demonstrate galvanotaxis toward the anode 
or the cathode depending on the surface properties of the cell membrane [83, 84].  Galvanotaxis 
should be considered as a separate mobility from electrophoretic mobility, although these 
phenomena strongly contribute to the mobility of bacteria, especially with stronger electric fields 
[85, 86].  
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Related research focuses on the control of inorganic microscale fluidic systems. It has 
been shown that various types of miniature semiconductor diodes floating in water act as self-
propelling particles when powered by an external alternating electric field [87].  Additionally, it 
has been demonstrated that multiple polystyrene beads can be accurately steered and trapped at 
once using electroosmotic flows inside a microfluidic chamber [88].  It was also shown that 
fluorescent polystyrene nanospheres in solution could be trapped and manipulated with nanoscale 
resolution using an anti-Brownian electrophoretic trap [89].  Many works have employed 
electrophoretic and dielectrophoretic forces as a means of cell separation [90].  The present work 
combines aspects of these lines of research.  The topic of this work is the enhanced mobility and 
controllability of inorganic micron scale objects using bacteria as configurable elements. 
 
5.2 Methods 
The bacteria Serratia marcescens are cultured using a swarm plate technique as covered 
in section 2.2.1.  The microstructures to which bacteria are attached must be biocompatible, easily 
defined using standard microfabrication techniques, similar in density to the motility buffer in 
which the bacteria operate, able to be easily imaged, and compatible with a high-yield release 
process.  As such, SU-8 was chosen as the working material.  Previous work has shown the 
advantages of SU-8 (MicroChem, Newton, MA) over other materials [91, 92]. SU-8 epoxy is 
easily patterned in a wide range of thicknesses, has a density only slightly higher than motility 
buffer and has an index of refraction that enhances the imaging process due to sharp edge 
contrast.  Also, the SU-8 microfabrication and development procedure is compatible with a 
technique of release using a water-soluble sacrificial dextran layer (Figure 5.1) [93].  This is 
indeed a great advantage due to the biocompatibility of the process. 
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The chosen substrate for the patterning of SU-8 microstructures is glass.  43 × 50 mm 
glass slides with a thickness of 170 µm (No. 0) were chosen for two major reasons.  Primarily, 
glass slides provide the ability to evaluate and/or quantify the success of bacterial attachment to 
the microstructures.  Secondarily, SU-8 has relatively weak adhesion to glass as compared with 
silicon substrates.  The glass slides were cleaned with acetone, isopropanol and DI water, dried 
with nitrogen, and further dehydrated on a hotplate at 150° C for 10 min. 
The first spin-coating procedure was used to prepare the water-soluble sacrificial dextran 
layer [93].  An aqueous solution of 5% (w/v) dextran 50-70 kDa was prepared by heating at 95° C 
on a hot plate to enhance dissolution of the dextran into water.  The solution was dispensed onto 
the glass slide and spin-coated at 3000 rpm for 15 s.  The sacrificial layer was then baked for 2 
min. at 125° C. 
Next, a 5 µm layer of SU-8 Series 2 was spin-coated at 1000 rpm and pre-baked for 1 
min. at 65° C and 3 min. at 95° C. The exposed substrate was post-baked and developed in 
PGMEA (SU-8 developer), however, the slide was not rinsed with isopropanol or deionized water 
as normally prescribed.  A rinse in water would clearly release the patterned microstructures 
before intended, and it was determined that an isopropanol rinse disrupted the sacrificial dextran 
layer even when anhydrous isopropanol and minimal agitation were used.  The substrate was 
simply dried with nitrogen after PGMEA development.  It is important to note that this 
modification of standard procedures did not affect the motility of the blotted bacteria during the 
experiments. 
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Figure 5.1. Microfabrication of biocompatible SU-8 microstructures: (a) The glass slide is 
coated with Dextran. (b) SU-8 layer is spin coated onto the sacrificial dextran layer. (c) UV light 
is transmitted through a photomask to create an exposure pattern. (d) SU-8 is developed without 
isopropanol or water rinse. (e) Sections of the glass slide each with many microstructures are 
inverted along the swarm edge for bacterial attachment. (e) Individual microstructures are 
released into motile buffer. 
 
Microstructures are released following exposure to any source of water.  The sacrificial dextran 
layer etches quite quickly, removing all structures patterned with the aforementioned procedure in 
a few seconds.  The structures release uniformly into solution and may be mixed into the working 
fluid for transfer (Figure 5.2). 
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Figure 5.2. Release of SU-8 microstructures using a dextran sacrificial layer. (Top) 50 × 50 µm2 
SU-8 tiles are patterned on a water-soluble sacrificial layer.  (Bottom) Appearance of tiles five 
seconds after the application of a drop of water-based motility buffer. 
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After the removal process was refined, the structures needed to be coated with a bacterial 
monolayer, placed in motility buffer, and released from the wafer.  We refer to these bacteria-
coated SU-8 chips as MBRs.  To create the bacterial monolayer the wafer was first diced into 
chips roughly 10 × 2 mm.  Each of these chips contained from 500-5000 fully intact 
microstructures.  The chips were inverted onto the edge of the active bacterial swarm. This 
technique is known as blotting.  Since agar is water-based, the release process starts as soon as 
the chip comes into contact with the swarming bacteria.  The bacteria can be individually 
recognized on the MBRs before and after release into the chamber (Figure 5.3).  There is apparent 
correlation between neighboring cells that resembles the swarming pattern [94].  The MBRs were 
released by submerging a portion of the blotted chip into a fluidic cell designed to study the 
effects of electrokinetics and galvanotaxis (Figures 5.4, 5.5). 
 
 
Figure 5.3. Bacteria blotted on the surface of a 100 × 50 µm2 microstructure (side 
measurements). 
 
The direct current electric field is applied to the microstructures in a custom-designed 
galvanotaxis chamber via agar salt bridges, Steinberg’s solution and graphite electrodes. It has 
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been shown that salt bridges avoid contamination of possible electrode byproducts by 
successfully applying DC electric fields to a variety of cell types using similar chamber designs 
[95-97]. However, in most traditional galvanotaxis chambers electrical contact is made to the 
chamber by inserting modified Pasteur pipettes filled with 2% agarose in a salt solution which 
makes the system inconvenient for observation [98]. Moreover, the efficiency of the system is 
significantly reduced due to the high resistance of the long glass tubes. To avoid such problems, 
we designed and fabricated a compact galvanotaxis chamber with which electric fields can be 
applied in multiple directions efficiently. The central part of the chamber was fabricated using the 
standard soft-lithography procedure where a 50 mm circular glass plate was spin coated with SU-
8 Series 2010 (MicroChem, Newton, MA) negative photoresist. The designed two-dimensional 
geometry was drawn and printed onto a transparency film using AutoCAD 2008. The speed of the 
spinner, pre-bake and post-bake durations and temperatures were chosen to achieve a final 
thickness of 250 µm. The depth of the chamber was adjusted in order to minimize heat generation 
in the chamber owing to the Joule effect. All four 35 mm Petri dishes were filled with Steinberg 
agar reservoirs and Steinberg’s solution. In the initial experiments, copper electrodes were used. 
However, in order to minimize the possible negative effects of electrode byproducts that were 
produced during electrolysis, the copper electrodes were replace with rod shaped graphite 
electrodes. The electrodes were fixed in horizontal position inside the compartments filled with 
Steinberg’s solution and they were connected to the power supply via banana clips.  
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Figure 5.4. Experimental setup on the automated stage of an inverted Leica microscope with 
phase contrast. Microstructures are released in the central chamber, which is filled with motility 
buffer. 
 
Figure 5.5. Schematic of experimental setup for application of electric fields to living cells in two 
dimensions. 
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The distribution of electric fields was visualized using COMSOL 3.3 simulation software 
by applying a virtual potential between right and left electrodes (Figure 5.6).  
 
 
Figure 5.6. COMSOL model of the distribution of electric fields in the agar and fluidic chambers.  
Data was taken at the center of the chamber where the DC field is uniformly linear to minimize 
dielectrophoretic effects. Here, a virtual potential has been applied between the left and right 
electrodes only. 
 
5.3 Results 
As a benchmark, the SU-8 microstructures were first tested in the fluid chamber with 
varying electric fields but without bacteria attached.  The structures demonstrated no movement 
along the floor of the chamber.  Next, microstructures were tested in the central chamber without 
an applied electric field.  The movement of the microstructures due to bacterial actuation was 
readily apparent.  This actuation is due to flagellar coordination of the bacterial carpet [34]. 
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Next, a low direct current voltage was applied across opposing electrodes.  The 
microstructures in the middle of the chamber were examined for movement.  The middle of the 
chamber was chosen since that is the area where the electric field lines are most closely and 
uniformly aligned which results in a minimization of dielectrophoretic effects.  The voltages were 
measured inside the fluidic chamber directly using a hand-held meter and the field strength was 
calculated.  Several trials were performed with the bacteria-coated microstructure demonstrating 
controllable, regular, linear motion.  After the voltages were removed many MBRs resumed their 
self-coordinated motion, which was typically rotational.  For a case study of a 50 × 50 µm2 
microstructure, an analysis revealed a rapid response toward the anode once an electric field of 17 
V/cm was applied (Figure 5.7).  The MBR moved 80 µm toward the anode an average speed of 10 
µm/s. The polarity of the experimental cell was switched and microstructure motion reversed 
traveling a distance of 165 µm.  The MBR was returned to its original position by once again 
switching the polarity of the cell. 
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Figure 5.7. Time lapse movement of 50 × 50 µm2 microstructure powered by bacterial actuation. 
The electrical polarity is switched twice, and the microstructure always moves toward the 
positive electrode. 
  
5.3.1 Effect of Electric Fields on S. marcescens 
 A series of experiments were performed to characterize the effect of electric fields on the 
orientation of freely swimming S. marcescens.  This study was performed to lend insight to which 
electrokinetic phenomena cause directed movement of the MBRs. Upon application of electric 
fields in the range of 1-10 V/cm bacteria showed a uniform tendency to move toward the positive 
electrode; however, it was difficult to observe if the cells were orienting along electric field lines, 
as would be expected in the case of bacterial galvanotaxis as defined in the literature. Due to the 
fact that preferential orientation may take several seconds to develop, 20 seconds were allowed to 
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pass after electric fields were applied, but before images were taken.  Between image acquisitions 
at discrete voltages, several seconds were allowed to pass to account for potential 
charging/discharging of the agar electrodes.  Images were processed using MATLAB, and 
orientation was evaluated on a basis of 180˚ since the polarity of the flagellar bundle cannot be 
resolved using phase contrast microscopy. 
 The results indicated that there was not a significant effect of electric fields on the 
orientation of S. marcescens for the experimental conditions of this research, with a uniform 
distribution of orientations across the range of angles and applied electric fields (Figure 5.8).  
This would imply that there is not a significant difference in electrophoretic mobility between the 
flagella and the cell body.  It should be noted that the cells in this study were swarm cells taken 
directly from the agar plate to reflect the morphology of the cells blotted on the MBRs. 
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Figure 5.8. Histograms of the cell body orientation of S. marcescens at electrics fields of 4.3 and 
8.9 V/cm. Electric fields were coincident with zero degrees. The individual cells do not exhibit 
galvanotaxis as might be expected, and distributions are relatively uniform across the range of 
angles.  
 
5.3.2 Characterization of Electrokinetic Control of MBRs 
 As a control, the SU-8 microstructures were first tested in the fluid chamber without 
bacteria attached using EFs ranging from 1-10 V/cm.  During these experiments, the structures 
demonstrated no movement.  Next, MBRs were tested in the central chamber without external 
stimuli, that is, with no electric field or ultraviolet (UV) light.  The MBRs were free to move 
inside the fluid and their movement due to bacterial actuation was immediately observed.  This 
collective response is due to flagellar actuation of the adherent bacteria and results in translation 
of the center of mass combined with rotation (Figure 5.9). We call this self actuation. Next, EFs 
ranging from 1-10 V/cm were applied to the MBRs.  They responded by moving towards the 
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positive electrode.  Upon switching the polarity of the system, the motion reversed direction in 
less than 1 s.  The linear movement was manifested as an additional component of the velocity. 
The component due to the self coordination of bacteria remained active during the application of 
electric fields (Figure 5.10).  The question arising from this translational response is whether it is 
galvanotaxis, a directed response arising from the thrust of the bacterial flagella, or an 
electrophoretic response based on the inherent charge of the bacterial cells.  
 To investigate the fundamental electrokinetics of the MBR, several trials were performed 
by measuring velocity versus electric field. This investigation yielded a linear relationship 
between the two variables reflective of electrophoretic movement with a measured 
electrophoretic mobility of 0.56 µm/s/V/cm (Figure 5.11),  
v = µe E,       
where v represents the speed, and E represents the electric field, and µe represents electrophoretic 
mobility.  The detailed motion of the microbiorobot was accurately modeled by a sum of the 
movement due to self actuation and electrophoretic actuation.  Indeed, surface patterning of 
bacteria imparted a charge that leads to a direct mechanism to control the motion of MBRs.  
Previous work showed that electrolysis can cause a change of the pH level especially around the 
electrodes which in turn triggers a chemotactic response in bacteria [57].  However, it should be 
noted that the directed movement we observed is not chemotactic, as the response times of the 
MBRs were considerably shorter (< 1 s) than the time necessary for the development of gradients 
of chemoeffectors by diffusion. 
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Figure 5.9. Shown in this time lapse image, the coordination of bacterial flagella leads to self-
actuation of the MBR resulting in a net rotation and translation. 
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Figure 5.10. Upon application of electric fields the MBRs exhibit increased translational 
movement; however, the component due to self-actuation is superimposed on this translational 
motion. The color-coded bar represents time evolution (30 s) as well as length scale (50 µm). 
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Figure 5.11. MBR speed is directly proportional to applied electric field, which shows 
electrophoresis is the dominant electrokinetic phenomenon. The component of speed due to self-
actuation is evident from the y-intercept of the best fit line. The slope of the line represents the 
electrophoretic mobility. 
 
5.3.3 Transient Response of MBRs 
To characterize the transient response of MBRs to electric fields, motion was captured 
during the initial application of EFs using a high-speed camera (MotionPro X3, Redlake). To 
isolate the motion due to EFs from motion due to flagellar propulsion, the MBR was first de-
energized by extended exposure to UV light. An analysis of the transient motion revealed that 
fully developed motion occurs on the order of 100 ms (Figure 5.12). This quick acceleration is 
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expected since inertia is negligible in low Reynolds number environments. More precise 
characterization of the transient response is obscured by the structure and environment of the 
MBR. In particular, the region-based algorithm computes the centroid of the MBR, but the exact 
outline of the MBR may shift slightly due to Brownian motion of semi-adherent cells along the 
edges. Also, slight variations in light intensity affect the computation of the centroid. 
 
 
Figure 5.12. Transient response of MBRs analyzed every 33 ms. The onset of motion due to 
electric fields is sudden (<100 ms), and cannot be discerned clearly by the tracking algorithm. 
Electric is applied at 0.5 seconds. 
 
5.3.4 Two Dimensional Control 
 As a demonstration of the ability to steer MBRs, microscale C-shaped parts that we call 
goals were fabricated using standard lithography and SU-8 photoresist.  The goals were released 
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in the control chamber along with square-shaped MBRs measuring 40 µm on each side.  By 
varying the direction of the electric field, the MBRs were easily steered through the entrance of 
the goals even while continually rotating (Fig. 5.13). 
 It is important to note that the thickness of the C-shaped goal is an important parameter in 
these experiments.  If the structure is much thicker than the MBR, electric field lines will diverge 
around the goal.  The consequence of this divergence is that MBRs in the immediate vicinity of 
the goal will lose controllability. 
 
 
Figure 5.13. (A) An MBR is directed through the entrance of a C-shaped microfabricated goal 
using tele-operation. Scale bar represents time (2 min) as well as length (100 µm). 
 79 
5.3.5 Closed Loop Control 
 As an exhibit of directional control, a line tracking experiment was designed.  A simple 
path defining the letters ‘UP’ was fed to a feedback control algorithm that uses estimates of the 
current location of the MBR and the error with respect to the predefined trajectory to control the 
EF (Figure 5.14).  The MBR was tracked using an image processing algorithm, and visual 
feedback control was demonstrated (Figure 5.15). The overall performance can be improved by 
using a more sophisticated control algorithm supplemented with a predictive model, which is 
explained in Section 5.4. The control capabilities can be extended further by patterning cells 
selectively on the SU-8 microstructures. In this way, the position and orientation of the MBRs 
can be controlled to desired destinations using electric fields. 
 
 
Figure 5.14. Block diagram for vision-based computer control of MBRs with a picture of the 
experimental setup. 
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Figure 5.15. Using a feedback control algorithm, an MBR is steered along a specified path. Scale 
bar represents time (1 min) as well as length (50 µm). 
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5.4 Predictive Model 
 A stochastic, predictive model for the motion of MBRs has been developed in close 
collaborators at the GRASP lab at the University of Pennsylvania [99-101].  The model accounts 
for thrust from bacterial flagella as well the influence of electric fields, and incorporates the 
switching run/tumble behavior of peritrichous bacteria with rigid body dynamics in fluids.  The 
model executes a parameter estimation based on experimental data, and has been experimentally 
verified [101].  This section represents a brief review of that work. 
 Observations focused on the orientation of bacteria blotted on microfabricated structures 
indicate that bacteria tend to attach lengthwise, rather than end-on.  As such, the state of the MBR 
is characterized by its 2-D planar orientation and its position on the plane (Figure 5.16). The 
vector r = (x, y) is defined as the position of the MBR center of mass. The orientation of the MBR 
is characterized by the angle Φ, which is formed by the main axis of the MBR and the x-axis of 
the inertial coordinate frame. 
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Figure 5.16. A schematic of a microstructure and a bacterium. The angle φ is formed by the main 
axis of the microstructure and the x axis. The vector r denotes the position of the MBR center of 
mass. The vector bi denotes the position of the i-th bacterium w.r.t the MBR center of mass. The 
vector ni is a unit vector that denotes the orientation of the i-th bacterium. The angle θi is formed 
by the MBR main axis and the orientation of the i-th bacterium. 
 
It is assumed that there are Nb bacteria attached to a MBR. The position of the i-th bacterium with 
respect to the center of mass of the MBR is denoted by the vector bi = (bi,x,bi,y) in the body fixed 
coordinate frame, and its orientation is characterized by the angle θi.  The amount of (time 
varying) propulsive force provided by the i-th bacterium is defined as as pi(t).  The strength of the 
electric field is denoted by |E| and u is the unit vector in the main coordinate frame that represents 
the direction of the electrophoretic force exerted on each bacterium.  The strength of the 
electrophoretic force is given by εC |E| where εC is a constant related to the charge of the cell body 
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and its value should be determined experimentally.  The equation of translational motion of the 
MBR is given by  
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where M is the total mass of the MBR, ni is the unit vector in the inertial coordinate frame that 
represents the orientation of the i-th bacterium, and kT is the translational viscous drag coefficient. 
The rotational motion can be characterized by  
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where I is the total moment of inertia of the MBR and kR is the rotational viscous drag coefficient.  
In an environment with very low Reynolds number, the inertia effect is negligible, i.e. kT » M,   kR 
» I. Consequently, the translational and the rotational accelerations are negligible. Therefore, the 
equations can be simplified as  
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 The propulsion forces, pi(t), are stochastic processes. It is assumed that during tumble, a 
bacterium does not provide any propulsion, while during run it delivers the maximal propulsive 
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force.  In absence of external stimuli, the expectations of the components of the translational and 
rotational velocities on the axis of the body fixed coordinate frame are given by  
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The following three parameters are defined, 
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The values of these parameters are estimated using experimental data [100]. The three parameters 
β1,2,3 summarize the distribution of the bacteria on the MBR. The mathematical model and the 
parameters β1,2,3 can predict the behavior of the system in the absence of external stimuli 
reasonably well.  
 This model incorporates the effect of applied electric fields.  Assuming that there is a 
uniform distribution of bacteria that are randomly oriented, the torque acting on the center of 
mass due to the applied electric field is zero. In mathematical terms  
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As a result, the angular velocity of the MBR does not change after the application of electric 
fields, which has been verified experimentally (Figures 5.9, 5.10). 
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Chapter 6: Microbiorobots for Manipulation and Sensing 
 
6.1 Microbiorobotic Transport of Target Loads 
 Coupling the light and electric field mechanisms together enables control over the 
angular orientation as well as two-dimensional positioning of the MBR.  A task was assigned of 
transporting a cube-shaped target load measuring 10 µm on each side using a U-shaped MBR 
referred to as a transporter. Based on the water-soluble sacrificial release method, several targets 
were released into the experimental cell. MBR transporters were also released and actively 
moving in the experimental cell due to the coordination of the bacterial carpet, and were 
positioned and oriented using a combination of bacterial self actuation, electrokinetics, and 
phototaxis (Figures 6.1, 6.2).  A self-rotating transporter was first positioned near the object by 
varying the direction of the electric field.  Next, the transporter was stopped at an appropriate 
orientation to engage the target using localized UV light exposure.  Once the rotational motion 
was stopped, the transporter was positioned to engage and move the load.  The transporter was 
disengaged and reengaged by switching the polarity of the electric field. 
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Figure 6.1. At left is shown a summary of the complete path of an MBR transporter moving a 
target load described in detail in parts A-D. Total time is 2 min, and scale bar is 25 µm. (A) The 
transporter initially rotates clockwise due to the self-coordination of the bacterial carpet.  
Electric fields are applied to move the transporter to the left, then up.  (B) With the application of 
UV light, the transporter stops rotating in 6 s. As rotation is stopped, electric fields are applied to 
position the transporter close to the target. (C) The target is engaged and transported to the 
right. (D) The target is disengaged/reengaged by switching field polarity. 
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Figure 6.2. (a) Initial position of U-shaped MBR transporter and target. (b) Transporter is moved 
to the right and down while rotation continues. (c) Rotation is stopped in proper orientation upon 
exposure to UV light. (d) Transporter engages the target object. 
 
(a) 
(b) 
(c) 
(d) 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Targets were moved several hundred microns by further applying electric fields (Figure 6.3). 
Despite the fact that the flagellar motors of the bacteria were disabled, the electric field still 
moves the transporter and in turn, the target. This is further proof that the electrokinetic 
translational motion is a charge-related phenomenon. It should be noted that this translational 
motion does not occur when there are no bacteria attached. 
 
 
Figure 6.3. Time-lapse image of an MBR transporter directed by electric fields pushing a 10 µm 
cube of SU-8. At top, the target begins to roll while being transported. 
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6.2 Microbiorobotic Sensing 
 These results suggest several potential applications for biological robotic systems.  As 
demonstrated here, transport of microscale or even nanoscale objects is one application area. The 
dimensions of objects transported in these experiments are similar in scale to many types of living 
cells.  These systems could also be employed for tasks including assembly of small microparts.  
However, beyond purely mechanical tasks such as these, MBRs can also be employed as mobile 
cell-based biosensors. In order to interface biosensing with microbial work output, we designed a 
simple setup where we apply electric fields in one dimension using a copper and a platinum 
electrode (Figure 6.4).  It has been shown that copper ions can be used to paralyze S. marcescens 
temporarily and in a reversible fashion [35]. Positively-charged copper ions migrated towards the 
negative electrode while MBRs were moving in the opposite direction. When MBRs encountered 
the copper ions, they stopped rotating immediately as bacteria were paralyzed (Figure 6.5). 
 
 
Figure 6.4. Schematic of the setup used for the copper sensing experiment. 
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Figure 6.5. Sensing of copper ions is observed as a loss of rotation. The translational movement 
due to applied electric field persists. Scale bar represents time (100 s) as well as length (50 µm). 
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Chapter 7: Conclusion 
 In this work we investigated several solutions toward the goal of building and controlling 
the motion of a microbiorobot.  This is the first work in which microfabricated structures have 
been controllably actuated by an ensemble of bacteria.  Several contributions were made both in 
terms of fabrication and characterization of these microbiorobots, and a predictive model for 
motion that was developed based on experimental data from experiements was described. 
 The work was initiated with a study of the swarming dynamics of the flagellated bacteria 
Serratia marcescens.  This was conducted to discover which location in the swarm had the most 
energetic bacteria, as measured by average speed.  An analysis was developed around a custom 
non-labeled cell-tracking algorithm (particle image velocimetry) and spatial correlation.  This 
analysis concluded that the bacteria near the edge of the swarm (~0.5 mm) had both the highest 
speed and correlation length.  As a result, bacteria from this area of the swarm were attached to 
microfabricated structures for experimentation. 
 Continuing studies focused on the integration of bacteria, employed as actuators, with 
microfabricated elements. This was the first example of a motile microrobot integrating living 
microorganisms with a microfabricated device of pre-planned geometry.  SU-8 negative 
photoresist was chosen as an appropriate candidate for studies of motility.  SU-8 is quickly 
patterned using photolithography, it has density similar to water, which is important to minimize 
the effects of gravity, and it is transparent, which aids in understanding the fundamental kinetics.  
To build on this success, a method of water-soluble sacrificial release was added to the 
fabrication process.  This method enabled the massive, nondestructive release of MBRs for study. 
 It was realized that MBRs tended to rotate while translating only within a scale similar to 
the size of the MBR itself.  This is referred to as self-coordination.  This effect was captured in a 
stochastic model of the motion, and appears to be related to the pattern of alignment of bacteria. 
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 Controllability of the MBRs was next investigated using light exposure.  Bacteria are 
sensitive to UV wavelengths, and the literature suggests that tumbling is induced by short-term 
exposure, while flagellar motors deactivate with long-term exposure.  Short-term exposure can be 
used to temporarily stop MBR motion; however, this form of control has not proven to be reliably 
repeatable.  Coupling the long-term phototactic response with the tendency of MBRs to rotate, a 
characterization of angular velocity was performed.  The angular velocity of MBRs may be 
adjusted downward in a predictable manner using this characterization.  In addition, this method 
may be used to orient MBRs in a particular direction. 
 Additional means of control was researched using the application of electric fields.  A 
custom chamber was designed for the application of electric fields to living cells in two 
directions.  Translational control may be exerted over MBRs using d. c. voltages in the range of 
1-10 V/cm.  The surface charge of the adherent bacterial cells creates an overall negative charge 
of the MBR, which causes movement toward the charged positive electrode.  This movement was 
discovered to be electrophoretic in nature, with MBR velocity directly proportional to field 
strength.  It was also discovered that this means of translational control had no significant effect 
on the component of velocity due to self-actuation or on the light response. 
 Finally, these technologies were combined in four application examples: microassembly, 
closed-loop control, transport of a target load, and phenotypic sensing. 
 There are several potential extensions of this work.  In these demonstrations, the SU-8 
should be recognized as an experimental placeholder for the purpose of study.  The SU-8 
microstructure can be extended as a platform for other sensors and actuators, or may entirely 
replaced with other functional technologies, drawn from the extensive existing literature on 
microtechnology. SU-8 may also be used as a platform for the attachment of other sensors or 
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actuators, both biological and inorganic.  Additionally, there is prodigious research on the 
enhancement and modification of the properties of SU-8, which can lead to added functionality. 
 Another direction for future work is based on the individual control of multiple robotic 
agents using localized light dosing.  Preliminary work has already indicated that specific regions 
of an MBR can be influenced by localized light exposure using iris aperture adjustment (Figure 
7.1).  This can be accomplished with a great degree of precision by integrating digital 
micromirror device (DMD) arrays with light microscopes.  In fact, multiplexing different 
wavelengths of light is the most common application of such DMD systems [102].  Here, the 
application would vary in that some wavelengths would be selected for imaging while others 
would be selected for imaging.  By incorporating DMD technology with existing image tracking 
algorithm, rotation of several MBRs could be independently adjusted. 
 
 
Figure 7.1. Selected regions of bacteria can be deenergized using localized exposure to UV light. 
Scale bar is 25 µm. 
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 The concept of optical field control within electric fields can be expanded to purely 
inorganic systems.  The strength of the method is that any area can be independently addressed.  
Ultimately, completely independent actuation may be achieved by incorporating microrobots that 
are electrically photosensitive.  One method of this multi-agent microrobotic approach would 
couple existing work with photodiodes [87].  Also, materials that reversibly build a surface 
charge in response to light could perhaps be employed in such a system.  Eventually, swarms of 
robots could perhaps be independently controlled with this method. 
 There are potential additional extensions of this work with respect to characterization of 
hydrodynamic and electrical properties for microrobotic systems.  In terms of hydrodyanmics, 
there has been very little work concerning the modeling of drag forces on small particles other 
than spheres.  A broad analysis of low Reynolds number drag on microscale plates, for instance, 
may be quite useful for microroboticists.  Such an analysis should incorporate near-wall effects.  
In terms of electrical properties, an analysis of the effects of surface patterned charges may be 
useful for steering, or more specifically, change orientation of particles using electrical fields. 
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Appendix A: Cell Culturing 
 
 Swarming Serratia marcescens are cultured using a combination of techniques.  It is 
necessary to use these techniques in rotation to keep viable stock with close genetic similarity to 
the original culture.  The term ‘saturated culture’ refers to the limited state of the growth of 
bacterial cells in Luria Bertani (LB) broth, typically around 109 cells/ml.  LB broth can be 
purchased commercially, or mixed from powdered components of yeast extract, Bacto Tryptone 
and NaCl in deionized water. Saturated cultures are made by inoculating LB broth with bacterial 
cells, which may come from glycerol stock, agar colony plates (streak plates), or from other 
saturated culture.  Long-term storage is enabled by deep freezing 60% (w/v) glycerol mixed with 
saturated culture. 
 Agar plates, also referred to as swarm plates, are similar in content to LB broth with the 
addition of agar.  The recipe for 0.6% agar, which is an appropriate solid content for swarming 
motility, includes 10 g Bacto tryptone (Difco), 5 g yeast extract, 5 g NaCl, and 6 g of Bacto agar 
(Difco) dissolved in 1000 ml of ultrapure water.  These contents must be sterilized by autoclaving 
and distributed to smaller bottles, the size of which depends on the size of the swarm plate used.  
For a 14 cm Petri dish, 25-35 ml of agar is appropriate amount for each bottle.  Agar solidifies 
when cooled and is stored at room temperature. 
 To create the swarm plate, agar is melted using a microwave at low power.  Care must be 
taken to avoid rapid, explosive boiling when pockets of steam form within the agar.  2 ml of 25% 
glucose is added for every 100 ml of melted agar.  Next, the melted agar and glucose is added to a 
sterile Petri dish and allowed to cool with the lid in place.  After 10-20 minutes, the agar solidifies 
and is ready for inoculation.  Inoculation takes place along the edge of the Petri dish to allow the 
longest time window of swarming.  Care must be taken to remove condensation from the Petri 
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dish cover with sterile wipes.  If the plate is inoculated with 2 µl of saturated culture, swarming 
typically begins in roughtly 8-10 hours.  However, for an extended window of time before 
swarming, the saturated culture can be diluted by a factor of 105 with LB broth.  In this way, the 
onset of swarming can be extended by roughly 6-8 hours.  The plate should be wrapped in plastic 
or otherwise sealed to prevent loss of moisture and placed in an incubator at 30-34 degrees 
Celsius.  The inoculation site will turn pink hours after inoculation.  When swarming begins, the 
edge of the population of cells progresses across the plate at roughly 1 cm/hour. 
 
Figure A.1.  Appearance of 35 mm swarm plate 10 hours after inoculation with 2 µl of saturated 
culture. 
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